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ABSTRACT

Protein sample preparation is the most critical step in protein analysis of complex samples and is
constituted by tedious, time-consuming and difficult to automate steps that usually involve the
use of high solvents volumes. In recent years, novel nanomaterials have been developed aiming
to overcome these drawbacks. In this review, we have grouped those works related to the
development of new nanomaterials and their applications to the extraction,
enrichment/purification, and digestion of proteins. This paper evaluates the role of different kinds
of nanomaterials in each step of protein sample preparation focusing on the type of established
interaction between the protein and the nanomaterial, their sensitivity and selectivity, their
adsorption capacity, and the advantages that they suppose in relation to time, efficiency, or

reusability.

Keywords: Protein sample preparation, nanomaterials, extraction, enrichment, purification,

digestion, enzyme.

ACRONYMS
AgNPs Silver nanoparticles
ANTA Noa,Na-Bis(carboxymethyl)-L-lysine hydrate
APTES 3-Aminopropyltriethoxysilane
ARPCs Assistant recognition polymer chains
AuNPs Gold nanoparticles
BFg Bovine fibrinogen
BSA Bovine serum albumin
CNTs Carbon nanotubes
CTA Cetyltrimethylammonium
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INTRODUCTION

The most critical step to obtain reliable results when analyzing proteins is a correct protein
sample preparation. It mainly involves the extraction of proteins, the enrichment/purification of

proteins, and, in some cases, also the digestion of proteins.

Protein extraction is a process that enables the separation of proteins from the rest of sample
and that requires the breakdown of tissues with the aim to release the intracellular material.
Protein extraction, purification, and enrichment, in the case of plant tissues, is limited by the plant
structural complexity and rigid cell walls, the presence of high amounts of non-protein
compounds (e.g. phenolic compounds or lipids) and the large dynamic protein concentration
range [1,2]. In the case of animal tissues, tissues disrupting methods are required to break

impermeable barriers and to overcome mass transfer obstacle [3].

There are several conventional methods enabling protein extraction, purification, and
enrichment. Protein extraction is usually based on the utilization of surfactants as sodium dodecyl
sulfate (SDS), Triton X, and Tween [4] or organic solvents as acetone, toluene, and chloroform
[5]. In some cases, extraction buffer contains additives such as ethylene diamine tetraacetic acid
(EDTA), dithiothreitol, or 2-mercaptoethanol, which enable protein denaturation and disruption
of disulfide bonds [4]. In general, and especially when surfactants are employed, a purification
step is required to remove surfactants and secondary metabolites that are coextracted with proteins
and that can interfere in separation and analysis of proteins. Additionally, protein enrichment is
required when extracted proteins are in low concentration. There are numerous strategies allowing
the removal of interfering compounds and that can be carried out before or after the extraction of
proteins. Among the methods that are applied previously to the extraction of proteins are those
based on the use of trichloroacetic acid (TCA)/acetone, phenol, or TCA/acetone/phenol. These
methods are highly effective for complex samples, but they are long, tedious, and require high
solvents volumes, which make them non-sustainable [1]. Among the purification methods,
applied after protein extraction, are the precipitation of proteins by adding organic solvents, acids,

salts, or polymers or by changing temperature or pH. These methods also enable the enrichment
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of proteins. The addition of acetone [6] or TCA [7] produces the protein precipitation based on
their denaturation under hydrophobic or acidic conditions. These methods can be employed to
remove surfactants, but they are not as effective as the use of TCA/acetone, phenol, or
TCA/acetone/phenol and they are not suitable to extract native proteins. Another approach is the
use of the chloroform-methanol-water system [8], where proteins precipitate in the interphase
between methanol and water (upper layer) and chloroform (lower layer). After removing the
upper layer, methanol is added to the chloroform to reduce its density and proteins are recovered
by centrifuging the solution. This method is indicated for both soluble and hydrophobic proteins
and is effective in the removal of interfering compounds, but it requires the use of toxic solvents.
Thermal, isoelectric point, and “salting out” precipitation are fast and cheap methods. The
increase of the temperature or the variation of the pH results in the precipitation of proteins [4,9],
but these strategies do not guarantee the precipitation of all proteins. The saturation of the solution
with salts also produce the precipitation of proteins, but it requires the use of a desalting step by
dialysis [4,10]. Polymers can be also applied to precipitate proteins. The neutral polymer
polyethylene glycol (PEG) [11], triggers the precipitation of proteins based on a volume exclusion
effect. This method is fast and do not produce the denaturation of proteins, but it requires a high
quantity of polymer. On the other hand, the cationic polymer polyethyleneimine (PEI) induces
the coprecipitation of acidic proteins when it is in saline conditions, but it requires a removal step
[12]. Another strategy is the ultrafiltration through molecular weight cut-off filters [4], that
enables the separation of proteins from interfering compounds with different molecular masses.
However, expensive ultrafiltration filters can become easily blocked. Moreover, chromatographic
(e.g. ion exchange or hydrophobic interaction chromatography) or electrophoretic techniques (e.g.
isoelectric focusing) [10] are widely used for protein purification. Nevertheless, they require long-
time separations and, in the case of chromatography, high solvent volumes. Finally, protein
digestion could also be a critical step, due to the long incubation times (overnight) usually needed,

to its difficult automatization, and to a high enzyme consumption [13].
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The emergence of new nanomaterials (NMs) have open new opportunities to face the
extraction, purification/enrichment, and digestion of proteins. NMs are materials with, at least,
one of their dimensions in the nanoscale (1-100 nm). Due to their dimensions, they show different
characteristics from their corresponding bulk material [14,15]. NMs present extraordinary
mechanical properties, mainly due to the short bond length between their atoms [15] and to their
lower structure imperfections [16]. Additionally, they possess enhanced electrical, magnetic,
optical, thermal, and chemical properties in comparison to their corresponding bulk materials.
Moreover, they show good reactivity and can be easily functionalized [15,16]. This higher
reactivity can be attributed to changes in the surface free energy and the electronic structure, and

to variations in the atomic structure due to their reduced size [17].

NMs can present different morphologies depending on the number of dimensions that are
not in the nanoscale. Thereby, NMs can be classified into 0-, 1-, 2-, and 3-dimension NMs (0-D,
1-D, 2-D, and 3-D NMs, respectively). NMs with all their dimensions in the nanoscale are called
0-D as, for example, nanoparticles (NPs), quantum dots, and fullerenes. 1-D NMs are those with
two dimensions in the nanoscale, such as nanotubes, nanowires, and nanorods. NMs with just one
nanosized dimension are called 2-D NMs and show sheet shape, such as graphene and graphene
oxide (GO). Finally, 3-D NMs are nanostructured materials, as the case of nanoporous metals or
zeolites [15,18]. Regarding their chemical composition, NMs can be classified into four main

groups: carbon-based materials, metal-based materials, dendrimers, and composites [17,19].

Carbon-based materials, as their name implies, have carbon as main component.
Depending on the shape they adopt, they receive different names. Thus, carbon-based materials
with spherical or sheet shape are fullerene and graphene, respectively, while carbon-based NMs
with tube shape are single- or multi-walled carbon nanotubes (SWCNTs or MWCNTs,
respectively) [17,19]. Regarding their applications, fullerenes have been employed in the
development of fuels and solar cells [20-22], in dermatological and cosmetic applications [23],
and, also, in biological and pharmaceutical fields [24]. Graphene has been mainly used in

fluorescence and electrochemical (bio)sensing [25,26], but also, for preparing microbial fuel cells
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[27] or as antibacterial [28]. Carbon nanotubes also have many applications, such as pesticides
extraction [29], nanocarriers and biomedical applications [30], disease diagnosis, cellular

imaging, and drug targeted delivery [31].

On the other hand, metal-based materials can refer to metal oxides (e.g. TiO, or ZnO),
noble metal NMs (e.g. Au, Ag, or Fe) or QDs (e.g. ZnSe or CdSe), which are semiconductor
crystal nanostructures made of hundreds of thousands of atoms and with a variable size [17,19].
Regarding their application, several metal oxide NPs have been used as antimicrobial agents or
in drug delivery applications [32,33]. ZnO has been widely employed in sensing, imaging, drug
delivery, and for food applications [34,35]. Noble metal NPs as gold NPs (AuNPs) and silver NPs
(AgNPs) have been used in cancer diagnosis and treatment, imaging, food industry, biosensing,
or catalysis among others [36], similarly to Fe-containing NPs [37]. Another example of metal-
based materials is CdSe QDs, which have been employed in electronic devices, bioanalysis, or

imaging [38].

Dendrimers, the third big group of NMs, are a kind of 3-D NM with an hyperbranched
structure. Their properties can be easily tuned and their terminal branches can be tailored with
functional groups. The presence of cavities in their structure makes them potential host molecules
[17,19]. Polyamidoamine (PAMAM) and polypropylene imine (PPI) are the most known and used
dendrimers, being also commercially available [39]. Furthermore, carbosilane dendrimers have
emerged as a new kind of dendrimers with extraordinary properties and potential for several
applications [40]. Dendrimers have been used for disease diagnosis and treatment, drug delivery

agents, catalysis, and cosmetics [39,41].

Finally, composites are made with two or more interacting materials, for example NMs in
combination with a bulk material. Materials can be combined by filling, mixing or assembling
[17,42]. It is common to use the symbol “@” to refer to “coating” when naming the composites.
For example, X@Y means that Y is coating X. Most popular composites are graphene-based,
which have been widely employed in sensing [26]. Moreover, GO composites have been used in

photocatalytic and antibacterial applications [43], while carbon nanotubes (CNTs)-metal oxide

7
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nanocomposites were profitable to build supercapacitors, in photocatalysis, or in sensing

applications [44].

Many applications of NMs are based on their interaction with proteins [45]. Moreover, the
strong interaction between proteins and many NMs have been exploited in the extraction,
digestion, and purification/enrichment of proteins. Part of these applications have appeared in
revisions devoted to very specific issues (liquid-phase microextraction, sugar immobilized
AuNPs, MNPs, etc.) and not entirely focused on proteins [46-53] (see Table 1). Thus, the present
work arises with the aim to review the works devoted to the development and application of NMs
to the extraction, enrichment/purification, and digestion of exclusively proteins. Moreover,

different commercial NPs for the extraction and purification of proteins are named.

EXTRACTION OF PROTEINS FROM COMPLEX SAMPLES USING

NANOMATERIALS

Protein extraction is the process that enables the separation of proteins from the rest of
components of a complex matrix, which can contain polyphenols, polysaccharides, lipids, or
others not desired compounds. It is the first step in protein sample preparation. The development
of new strategies based on NMs is an increasing trend to overcome the limitations presented by
conventional extraction methods (time-consuming, high solvent volumes, etc.). Table 2 groups

the works that use NMs for the extraction of proteins from complex samples.

Carbon-based NMs

Carbon nanotubes have been employed for the extraction of proteins based either on
chelation through metal cations or on electrostatic interactions. In 2006, Najam-ul-Haq et al. [54]
synthesized a new material for protein extraction that was employed for the profiling of proteins
through material-enhanced laser desorption/ionization-mass spectrometry. This material
consisted of CNTs modified with iminodiacetic acid (IDA) and loaded with Cu?'. This material

permitted the extraction of proteins by chelation within 90 min and the direct analysis of minor
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proteins in human serum without the previous depletion of high abundant serum proteins,
obtaining high sensitivity and selectivity. Lately, in 2013, Du et al. [55] employed another carbon-
based nanomaterial (polyethyleneimine modified MWCNTs (MWCNTs—PEI) adsorbed on a
membrane) but, in this case, the interactions with proteins were not through a metal cation, as
previously, but directly with the material through electrostatic forces. They applied it to the
extraction of bovine serum albumin (BSA) from a bovine serum sample. Main advantage of this
material was the low limit of detection (LOD = 1.0 pg/mL) and the high BSA adsorption capacity
(113 mg/g MWCNTSs) derived from the high density of functional groups provided by PEL
Moreover, authors demonstrated that this membrane could be used, for at least, 60 times without

losing capacity.

Magnetic metal-based NMs

Iron NPs are of great interest since their magnetic properties make faster and easier the
separation of proteins from non-interacting compounds. Figure 1 shows the scheme of a typical
extraction employing magnetic nanoparticles (MNPs). Briefly, it consists of adding the MNPs,
incubation until the interaction is produced, magnetic separation of captured proteins,
nanoparticles wash to remove unbound compounds, elution of proteins, and recovery of MNPs
for next uses. Shukoor et al. [S6] took advantage of the magnetic properties of superparamagnetic
v-Fe2O3 NPs coated with a polymer to selectively extract a 35 kDa protein from a demosponge,
based on its specific bind to the double-stranded RNA. Iron MNPs modified with ionic liquids
(IL) have also been used in the extraction of proteins [51, 52]. ILs are a type of organic salts with
extraordinary physical and chemical properties that have a great potential as solvent and
functional materials. Moreover, amino acid-based ILs are biocompatible and can establish
multiple interactions with proteins. Wang’s group [57] developed a magnetic solid-phase
extraction cartridge based on Fe;O4 NPs where a L-proline-based ionic liquid (IL) (1-ethyl-3-
methylimidazolium L-proline, EMIMLpro) was introduced by 6-diisocyanatohexane (DIH). The
developed magnetic sorbent, Fe;O4@DIH-EMIMLpro, extracted hemoglobin from a human

blood sample through adsorption and electrostatic forces within just 15 min. Moreover, authors
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evaluated the binding specificity of these NPs by extracting hemoglobin from a mixture
containing lysozyme. Results demonstrated the negligible adsorption of lysozyme even
presenting the double concentration than hemoglobin. On the other hand, Liu et al. [58] employed
another ionic liquid, N-methylimidazolium, attached to a silica coated MNP (Fe;04@SiO,@ILs)
to extract hemoglobin from human blood but, in this case, through complexation forces. In this
work, authors demonstrated the binding selectivity of these NPs in different binary protein
mixtures. Both NMs [51, 52] were reusable but Fe;04@SiO@ILs showed a binding capacity 4

times higher than Fe;Os@DIH-EMIMLpro.

Molecularly imprinted polymers (MIPs) have been widely used for the selective extraction
of a plethora of compounds, including proteins [59]. MIPs have also been combined with NMs
and applied to the extraction of proteins. A thermoresponsive material based on a MIP enabled
the capture of lysozyme from human urine in 2 h [60]. This material consisted of a magnetic
core/shell structure of FesO4@SiO, coated with y-methacryloxypropyltrimethoxysilane and
polymerized in presence of lysozyme. To test the specificity of this material, authors also
synthesized not-imprinted NPs. In first instance, they tested the behavior of these two NPs when
changing the temperature, observing the decrease of hydrodynamic size of NPs when increasing
the temperature. They also demonstrated that the capacity to adsorb lysozyme was related to the
swell/shrink behavior of NPs. At all tested temperatures, imprinted NPs presented higher
lysozyme adsorption capacity than non-imprinted ones. Moreover, non-imprinted NPs showed
non-specific adsorption, especially at high temperatures (40 °C). The binding selectivity of
imprinted NPs was tested by employing different proteins that yielded a very low adsorption
capacity compared to lysozyme. In the case of pepsin and BSA, the low adsorption capacity was
related to their higher size and, thus, to a steric impediment. In the case of Cyto C, the low
adsorption was attributed to the difference in hydrophobicity with respect to lysozyme. Finally,
in the case of myoglobin, the low adsorption was related to the lack of electrostatic interactions
when capturing this uncharged protein. According to these results, the specific interaction

between lysozyme and MIP-based NPs was driven by the size, hydrophobicity, and charge. As
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example, Figure 2 shows the chromatograms obtained with two mixtures of lysozyme and Cyto
C when no treating with Fe;O4@MIP NPs (1) and after treating with Fe;O4@MIP NPs (3). Results
demonstrated the high selectivity of these NPs, that were able to capture lysozyme even in

presence of twice concentration of Cyto C.

Metal-based NMs have been widely used for the extraction and purification of recombinant
histidine-tagged (His-tag) proteins. Genomics enables the easy introduction of histidine tags in
proteins and express them in hosts, such as Escherichia coli (E. coli) or Pichia pastoris (P.
pastoris). These tags can interact with affinity ions, e.g. Ni2* [61,62]. Yao et al. [63] employed
Fe;Os@hydroxyapatite-Ni?" NPs for the extraction, in 2 h, of His-tag proteins from an E. coli cell
lysate by means of affinity interactions observing a negligible nonspecific adsorption. Some
benefits of these NPs are their easy, cost-effective and efficient synthesis and the high number of

active sites provided for the hydroxyapatite for the Ni** binding.

Additionally, there are diverse commercial MNPs aimed to the affinity extraction and
purification of proteins, such as, MagVigen™ from NVIGEN (diameters of 200-500 nm),
UMACS™ and MultiMACS™ from Miltenyi Biotech (diameters of 50 nm), and TurboBeads™
from TurboBeads (also available from Sigma-Aldrich) (diameters of < 30 nm). The main
advantage of these NPs with respect to other commercial microbeads is their smaller size and,
thus, their higher surface area for protein adsorption. Moreover, TurboBeads™, unlike the rest of
MNPs, present a pure metallic core, that provided them an enhanced magnetism, and a coating
with a graphene-like carbon layer of about 2 nm, that improve their functionalization feasibility.
Commercial MNPs are available with a great variety of functionalities (Protein A and G,
Streptavidin, Biotin, amine groups, hydroxyl groups, Ni**, among others) that offer a wide range
of applications. In general, the extraction times when employing these NPs range from 10 min to

2 h, depending on the protein, and they are highly reusable.

Non-magnetic metal-based NMs

11
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Non-magnetic metal-based NMs have also been applied in protein extraction processes.
The extraction of hydrophobic proteins from soybean was carried out in 1 h employing different
kinds of metal-based NMs: Ag,Se@octadecanethiol and Ag,Se@]11-mercaptoundecanoic acid
NPs [64]. These NMs were employed as extracting probes of proteins in liquid-phase
microextraction for their analysis by matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF) analysis. Moreover, they showed a high efficiency, even in presence of matrix
interferences. Later, the same authors extracted hydrophobic proteins from bacteria E. coli and
Bacillus subtilis (B. subtilis) using other non-magnetic metal-based NMs: Mg(OH),-oleic acid
NPs [65] and BaTiOs—12-hydroxy octadecanoic acid NPs [66]. Extraction of proteins was carried
out in a lower time (45 and 30 min, respectively) than the previously needed (1 h). These materials
enabled not just an efficient liquid-liquid microextraction, but also an excellent preconcentration

prior to MALDI-TOF analysis.

Nanocomposites

Nanocomposites containing carbon-based materials, especially GO, have also been used in
protein extraction. Bovine hemoglobin was extracted using a magnetic composite (Fe@GO)
functionalized with an amino functional dicationic IL yielding a high adsorption capacity during,
at least, 15 cycles and a low unspecific binding [67]. Additionally, different approaches were
developed to extract BSA employing nanocomposites of Fe;Os4 and GO. Xu et al. [68]
functionalized a Fe;O4—~NH,@GO with different choline chloride (ChCl)-based deep eutectic
solvents (DESs) finding that ChCl-glycerol was the most suitable for the extraction. DESs are
eutectic mixtures of quaternary ammonium salts and hydrogen bond donors. DESs, like ILs, have
unique physical and chemical properties, but, unlike them, DESs are biocompatible and
biodegradable and they are not toxic. Huang et al. [69], on the other hand, grafted
3-aminopropyltriethoxysilane (APTES)-Fe;O4 NPs on the surface of GO and introduced a
betaine-based IL. In the case of FesO4s—NH@GO NPs [62], their functionalization with DESs
resulted in higher extraction capacity than the obtained with Fe;O4+~NH>@GO and Fe;Os~NH,.

In the case of Fe;04@APTES@GO@IL NPs [63], the same behavior was observed compared to
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the individual components. In both cases, the NM-proteins interaction seemed to be related to the
pH, ionic strength, temperature, extraction time, and protein and NM concentrations. Moreover,
proteins eluting from these NMs maintained their structure. [68,69]. Nevertheless, platform using
DESs (Fe;04~NH,@GO@ChCI-G) enabled shorter extraction times than the platform using ILs

(Fe;04@APTES@GO@IL), which resulted in a third of adsorption capacity.

Nanocomposites containing CNTs have also been employed for the extraction of different
proteins. Tang et al. [70] applied coated polydimethylsiloxane (PDMS) fibers, as solid-phase
microextraction materials, with SWCNTs and MWCNTs, for the extraction of BSA and bovine
fibrinogen (BFg) from bovine plasma. Both PDMS@SWCNTs and PDMS@MWCNTs extracted
these proteins through electrostatic interactions. SWCNTs had greater BSA adsorption capacity
than MWCNTs due to their higher specific surface area. BFg showed a higher adsorptivity on
MWCNTs than on SWCNTs that was attributed to the relative size of this big protein and the
SWCNTs. Results also demonstrated the selectivity of the CNTs to the biggest protein (BFg)
when its concentration reached a certain value and that the developed material presented higher
selectivity and sensitivity than commercial PDMS fibers. Moreover, the extraction of BFg from
bovine blood plasma was simple, time-saving, selective, and inexpensive. In other approach,
oxidized MWCNTs (0MWCNTs), functionalized with magnetic Fe;O4 NPs, were employed to
extract nucleic acid associated proteins (NAaP) [71]. 0oMWCNT@Fe;04 enabled the capture of
numerous NAaP, within just 1 min, based on the strong interaction established between CNTs
and nucleic acids. This material enabled to capture 109 mg protein per g of nanocomposite and,
also, the direct digestion of proteins for their MS analysis. Moreover, the specificity of this
material was demonstrated by the SDS-PAGE analysis of a mixture of histone with BSA. Results
showed negligible unspecific adsorption even when the concentration of BSA was ten times

higher.

Quaresma et al. [72] synthesized star-shaped Fe;O4@AuNPs. These NPs maintained the
original magnetic properties of the magnetite and, at the same time, they showed great optical

properties and the possibility of biofunctionalization through the gold coating. In order to proof
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the applicability of these NPs, they were functionalized with NTA-Ni*" to selectively extract His-
tag proteins. The high selectivity of this material to His-tag proteins was demonstrated through

SDS-PAGE analysis.

Others

Other NM, poly(propargyl acrylate) NPs, that cannot be included in the four previous
groups, was used to extract carbazole 1-9a dioxygenase proteins from a Pseudomonas
resinovorans CA10 lysate in 1 h [73]. These poly(propargyl acrylate) NPs had attached an azide-
modified carbazole that is characterized by having an special affinity for these proteins, making

the process highly selective.

PROTEIN ENRICHMENT/PURIFICATION USING NANOMATERIALS

Protein extraction methods are usually not selective and an additional step for the
purification of proteins is sometimes needed. In other occasions, targeted proteins are in low
concentration limiting the application or identification of proteins. In these cases, protein

enrichment/purification methods are required to succeed in the research.

Protein enrichment/(pre)concentration using nanomaterials

This section groups those works devoted to the enrichment of proteins employing NMs
(see Table 3). Since many works using NMs for protein extraction (Table 2) also enrich or purify
them, they have not been included in Table 3 for already being in Table 2. Thus, Table 3 groups
those works where proteins have been enriched after their extraction employing methods that did

not involve the use of NMs and resulted in low protein/s concentrations.

Carbon-based NMs

MWCNTs have demonstrated a great potential in the enrichment/(pre)concentration of
proteins [74-77]. Electrostatic interactions play an important role in this process. Both bare

MWCNTs [68, 69] and SiO,@MWCNTs [76] were used for the enrichment of proteins. A higher

14



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

enrichment factor was obtained with MWCNTs-coated silica than with free MWCNTs.
Poly(diallyldimethylammonium chloride) (PDDA) have also been used to functionalize
MWCNTs [77]. This system was employed to build a membrane that was incorporated to an
extraction module and, later, to a sequential injection system. This system enabled to carry out
the on-line separation and enrichment of acidic proteins since PDDA allowed the surface charge
control. The developed tool was applied to the enrichment of BSA or human serum albumin in
5 min approximately that was a much lower time than the required with non-functionalized
MWCNTs [68]. The above-mentioned MWCNTSs were highly reusable [75-77], being MWCNTs-
PDDA the one which provided the highest adsorption capacity. These works demonstrated the
great potential of MWCNTs in protein enrichment, achieving enrichment factors as high as 30

[76].

Metal-based NMs

Iron NPs (e.g. FesOs) have been applied for protein enrichment either directly
functionalized [78] or coated with a polymer [79] or silica [80,81]. Li’s [78] and Sun’s [79]
research groups employed different affinity ligands to functionalize MNPs. The use of
nitriloacetic acid (NTA) with attached Ni** enabled the specific enrichment of His-tag proteins in
just 30 s [78]. Due to the toxic effects of Ni2*, other less toxic ions (Zn?*, Cu**, and Fe?") were
later proposed despite they showed lower protein affinity. Sun et al. [79] developed a method to
synthesize MNPs coated with a polymeric mixture of PEG and carboxymethyl chitosan attaching
these metal ions. This material could be prepared at large scale in a simple and cost-effective
process. These MNPs were used to enrich lysozyme within 1 h. Interaction extent and mechanism
was controlled by pH and ionic strength modification. Moreover, in the case of MNPs with Zn**
and Fe?', the enrichment process did not produce the lysozyme denaturation, while in the case of
MNPs with Cu?*, the desorbed lysozyme presented a slightly different structure from the original.
Other approach to enrich proteins is the use of Fe;04@SiO; functionalized with different ligands
such as NH»-guanidine groups [80] or IDA-Cu?* [81]. Dong et al. [80] developed a solid-phase

extraction sorbent based on FesO4@SiO.-NH»-guanidine able to separate and preconcentrate
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acidic proteins from basic proteins based on electrostatic forces and H bonds. They employed this
sorbent to enrich BSA up to fifteen folds previously to its analysis by capillary electrophoresis,
achieving detection limits of 45 ng/mL. Moreover, the applicability of these NPs was evaluated
by the isolation and enrichment of BSA from a solution containing lysozyme and Cyto C. Finally,
Fe;04@SiO»-IDA-Cu** NPs were successfully employed for selectively removing high abundant

hemoglobin from both bovine and human blood in 6 h [81].

Noble metal-based NPs, which are non-magnetic, such as AuNPs [82-85] and Pd NPs [86],
have also been used in the enrichment of standard proteins and proteins from real samples (see
Table 3). Alwael el al. [82] designed pipette-tips functionalized with AuNPs-lectin as
micro-extraction phase for the enrichment of a galactosylated glycoprotein from an E. coli cell
lysate. To demonstrate the specificity of this material, it was used for the preconcentration of
glycosylated proteins with different terminal sugars in a complex mixture containing non-
glycosylated proteins. Bare AuNPs were also useful for protein enrichment [83]. The main
advantage of this material was the effective protein enrichment in large-volume samples, where
common enrichment methods (e.g. trichloroacetic acid precipitation) fail. Moreover, proteins
adsorbed on NPs were analyzed by SDS-PAGE without any previous elution step and they were
submitted to in-gel digestion. Moreover, AuNPs—(4-mercaptophenyliminomethyl)-2-
methoxyphenol [84] were employed as extraction phase in the single drop microextraction of
different proteins. Particularly, these NPs were used as multifunctional nanoprobes to serve, at
the same time, as binary matrix, affinity and desalting probe in the MALDI-MS analysis of
lysozyme in milk. Chiu et al. [85] employed AuNPs—transferrin antibody to both improve the
sensitivity of the lateral-flow paper-based immunoassay and serve as colorimetric indicator. This
system was employed to enrich transferrin from fetal bovine serum and urine, demonstrating is
potential as diagnostic tool. On the other hand, Pd NPs functionalized with octadecanethiol [86]
were employed for the selective and sensitive analysis of different proteins. Authors demonstrated

that the optimal sample pH was that close to the protein pl, probably due to the enhancement of
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hydrophobic interactions between proteins and octadecanethiol. Moreover, they found out that

the addition of 1M NaCl enhanced signals intensity.

Other metal-based nanoparticles employed were ZnS-Nj3 [87] and Co304 [88]. ZnS-N3 NPs
[87] resulted useful as multifunctional nanoprobes for the simultaneous enrichment and desalting
of proteins for their subsequent MALDI-MS analysis or microwave-accelerated digestion. On the
other hand, Co304 NPs [88] were employed in the enrichment and sensitive analysis of standard
proteins and lysozyme from milk via liquid-liquid microextraction coupled with MALDI-MS.
Both NPs [81, 82] enabled to enrich proteins in less than 1 h through electrostatic interactions and

with preconcentration factors between 2 and 12.5.

Dendrimers

Despite the potential of dendrimers in protein enrichment, there is only one work
employing carbosilane dendrimers for this purpose. They were used to enrich proteins from a
complex sample, based on electrostatic interactions established between negatively charged
carbosilane dendrimers and positively charged proteins [40]. Figure 3.A shows the image of the
solutions prepared by mixing a myoglobin standard with increasing concentrations of third
generation carboxylate-terminated carbosilane dendrimer at acidic pH. Protein solutions became
white in presence of dendrimers due to the formation of a precipitate as consequence of the
protein-dendrimer interactions. Moreover, Figure 3.B displays the profiles, obtained by SDS-
PAGE, corresponding to a three-protein mixture (BSA, lysozyme, and myoglobin), the
supernatants obtained after the treatment of this mixture with the dendrimer at 1:1, 1:8, and 1:20
ratios, and the precipitates obtained when using the 1:20 ratio and when using the conventional
method to enrich proteins based on acetone precipitation. Results showed three clear bands
corresponding to BSA, lysozyme, and myoglobin when no dendrimer was used (1:0) and more
diffused bands in the supernatants obtained after protein-dendrimer mixtures were centrifuged.
Bands intensity decreased up to a 1:20 protein:dendrimer ratio, where no protein band could be

detected. At this ratio, precipitate showed the three bands corresponding to the proteins that were
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not observed in the supernatant demonstrating that carboxylate-terminated carbosilane

dendrimers were an effective methodology for protein enrichment/purification.

Nanocomposites

Shrivas et al. [89] employed MWCNTs@CdS@Cd?>" nanocomposite for the
preconcentration of proteins through electrostatic interactions. Moreover, the exceptional
photochemical properties of this nanocomposite enabled the efficient absorption of the laser
energy when it was employed as matrix in MALDI-MS. Moreover, authors proved that this
nanocomposite had more affinity toward ubiquitin than MWCNTSs and CdS NPs, separately. In
other approach, Xu et al. [90] synthesized TiO, nanotubes coated with carbon with large surface
area. Their amphiphilic properties and their charge-tunable character allowed the extraction and
enrichment of hydrophobic charged proteins. Moreover, their photocatalytic properties permitted
the decomposition of undesirable not desorbed proteins and, thus, their reutilization. This
platform was successfully employed to selectively enrich human serum albumin from human

blood.

Liu et al. [91] synthesized core—shell structural MIP nanoparticles with assistant
recognition polymer chains (ARPCs). In this approach, vinyl-modified silica NPs were the
support, ARPCs were used as additional functional monomers, and the cloned bacterial protein
was the template. This platform was applied to the enrichment of a natural low-abundance protein

(immunoglobulin) in an extract of pig liver achieving an enrichment factor of 116.

Protein purification using NMs

The purification of proteins is a challenging process, which has the purpose of obtaining a
pure protein for future applications. Different protein features (charge, molecular weight,
hydrophobicity, post-translational modifications or the presence of tags) are the base of these
purifications. Special attention has been paid to the purification of His-tag proteins since the use

of DNA sequence specifying a chain of histidine residues (six to nine) is a recurrent approach to
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produce recombinant proteins. Table 4 groups those works using NMs for the purification of
proteins in general and His-tag proteins. Works simultaneously used to extract and purify proteins,

and already included in Table 2, have not been included in Table 4.

Carbon-based NMs

Purification of proteins employing carbon-based NMs is mainly based on electrostatic
mediated interactions. Different commercial nanodiamonds, both bare and modified, were
employed for the very fast purification of standard proteins [92]. On the other hand, carbon
nanotubes treated with acid were used as chromatographic media for the purification of skim latex

serum proteins [93,94].

Magnetic metal-based NMs

Like in protein extraction and enrichment, iron nanoparticles are mostly used (see Table
4), due to their easy separation and recovery, for the purification of proteins. Their
functionalization has enabled the purification of a great variety of proteins. Indeed, MNPs
synthesized by different methods, as supermagnetic iron oxide NPs (SPIONs) and MNPs prepared
employing microemulsions (ME-MIONSs) [95], resulted useful in the purification of up to 400-
450 mg of a coagulant protein per g of NP, which supposed an efficient and versatile platform for
the purification of Moringa oleifera coagulant like-proteins. Moreover, the activity of the
coagulant protein was measured after the purification with the two different MNPs. Results
revealed that the initial activity (24%) increased up to 84% and 90% when purifying with SPIONs
and ME-MIONS, respectively. In other work, the coat of these magnetic iron NPs with trisodium
citrate or silica [96] enabled the purification of that protein through electrostatic interactions in
half the time. Nevertheless, while the use of MNPs functionalized with trisodium enabled to
obtain the coagulant protein with an 80% activity, the use of MNPs coated with silica resulted in
a lower protein activity. In both works, the disruption of interactions by increasing the ionic
strength was required to the analysis of proteins by gel electrophoresis [95,96]. MNPs coated with

polymers [97] or molecularly imprinted NPs [98] were also employed in protein purification. A
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polymer-coated nanocluster [97] enabled the purification of 30 mg of Drosomycin per g of MNP
yielding a high protein purification (90%). In the case of MIP-coated MNPs [92], the SDS-PAGE
profiles demonstrated a high selectivity in the purification of BSA from a bovine blood sample.
On the other hand, avidin and lysozyme have been the target of different purification processes
[99-101] due to their interesting applications [102,103]. The stable interaction of avidin and
iminobiotin has been of great utility for avidin purification [99]. These NPs permitted the
purification of 225 mg of avidin from egg white per g of NPs. This purification process enabled
to recover 92.8% of avidin with a purity of 985%. MNPs coated with
poly(hydroxyethylmethacrylate-N-methacryloyl-(L)-tryptophan) (PHEMATrp) [100] or gold
functionalized with 2-mercapto-5-benzimidazolesulfonic acid (MBISA) [101] were used in the
purification of lysozyme from chicken egg white. PHEMATrp-coated NPs enabled a recovery of
the 76% of the initial protein with a purity of 92%. In the case of Au-MBISA-coated NPs, the
selectivity of the material towards lysozyme was demonstrated by SDS-PAGE. The development
of the second approach enabled to reduce the purification time from 2 h to just 20 min, maintaining
a good adsorption capacity and increasing the reusability. Moreover, FesO4 functionalized with
oleate [104] was successfully employed to preconcentrate and remove the signal suppression
observed when analyzing by mass spectrometry insulin, myoglobin, and Cyto C standards in
presence of high salt concentrations. This platform enabled to reach low LOD values and very

high adsorption capacities.

Despite electrostatic and hydrophobic interactions are the most usual driven forces in the
purification with MNPs, the presence of more specific interactions makes more selective the
process. As examples, glucose-lectin interactions, enzyme-substrate interactions, or metal affinity
interactions were the base of the purification of specific proteins or groups of proteins [105-107]
(see Table 4). The purification of the lectin concanavalin A was carried out in 5 min through its
specific binding to a sugar [105]. The use of MNPs functionalized with glutathione enabled the
purification in 10 min and almost the complete recovery of a glutathione S-tranferase-tag

ubiquitin in different samples [106]. Finally, the interaction of laccase and MNPs through its
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affinity with metal ions (Cu*") permitted a purification fold (final specific activity/initial specific
activity) of 62.4 and an activity yield ((final Laccase activity/initial Laccase activity) x 100) of

108.9% [107].

Non-magnetic metal-based NMs

Although in less extent, AuNPs either functionalized with sugars [108] or embedded in a
polymeric material [109] were also used for the purification of proteins. Lectins were purified
from complex samples using AuNPs with sugars or in glycidyl methacrylate-co-ethylene
dimethacrylate (GMA-co-EDMA). In the first case, proteins were then eluted by the addition of
an inhibitory sugar, while in the second case, the elution was pH-controlled. In both cases, SDS-
PAGE analysis demonstrated the effectiveness of the purification. Moreover, in the case of
AuNPs-GMA-co-EDMA, Bradford analysis demonstrated the almost complete recovery of BSA

and Cyto C after their purification.

Others

Additionally, polymer NPs have also been used for the purification of apolipoprotein A-I
and other standard proteins based on affinity interactions [110,111]. In one case, copolymer NPs
of N-isopropylacrylamide-N-tert-butylacrylamide were employed, while polystyrene latex NPs
functionalized with different proteins, Concanavalin A or Protein G, were used in other work to
coat the inner wall of capillaries. Copolymer NPs enabled the purification of 13 g of
apolipoprotein A-I from human plasma per g of NPs. These NPs yielded a purification efficiency
(percent purified protein compared to the nominal protein concentration) of 13%. On the other
hand, the different functionalization of polystyrene NPs made possible the purification of either

glycoproteins or immunoglobulins for their direct analysis by mass spectrometry or SDS-PAGE.

Histidine-tagged protein purification using NMs
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Protein purification is usually limited by the low concentration of target proteins and the
low selectivity of the process. Protein engineering has made possible the overproduction of
proteins. For this purpose, most used approach consists of the introduction of a poly-histidine tag
(usually a chain with, at least, six consecutive histidine residues) to the C- or N- terminus of a
targeted protein, followed by protein expression in a bacterial system [112]. Moreover, the
tagging of proteins with histidine residues enables an enhancement in selectivity since histidine

presents a high affinity to metals.

Metal-based NMs

A widely used technique for the purification of His-tag proteins is by immobilized metal-
affinity chromatography [113] which is based on the interaction between metal ions (Ni?*, Co?",
Zn**, or Cu*") and amino acid residues, preferably histidine [114]. Based on the high affinity of
these metal ions and histidine, different NPs have been functionalized and applied for the
purification of proteins. Chen et al. functionalized silica-coated MNPs with zinc cations to
specifically purified His-tag proteins in 30 min, achieving a protein recovery of 83% [115].
Despite the good results observed with the direct attachment of metal cations to the NP surface,
an alternative approach based on the use of a chelating agent (mostly IDA and nitriloacetic acid
(NTA)) for the immobilization of the metal ion to the NP has also been described [116]. The
scheme of metal chelation with IDA and NTA and the interaction with His-tag proteins is shown
in Figure 4. The difference between them lies on the coordination number with the metal ion.
While IDA is trivalent, NTA is tetravalent and the interaction with the metal ion is stronger,
preventing the metal leakage during the purification process [112]. Although stability constant of
metal-NTA complex is higher than that of IDA complex, the higher density of binding sites and
lower imidazole concentration required for the elution, explain why some authors chose IDA as
the most suitable chelating agent for the purification of proteins. Moreover, the use of Fe;O4 as
magnetic core made possible the easy separation NPs from the sample and the coating with silica
[117] or PEG [118] improved NPs properties and stability. These two types of NPs attached nickel

cations and enabled the fast and efficient purification of His-tag proteins. Other chelator, used in
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this case for the purification of a His-tag recombinant enhanced green fluorescent protein, was
glycidyl methacrylate—iminodiacetic acid (GMA-IDA). This quelator was polymerized with
divinyl benzene and styrene in presence of the Fe;O4 NPs and loaded with Cu?*, Ni**, or Zn**
cations [119]. The nature of the metal cation attached to GMA—-IDA affected protein recovery and
purification efficiency, being copper cation the one providing the better results (recovery = 70.4%;
purification factor = 12.3). These NPs enabled the purification of green fluorescent protein in just
10 min, while IDA and NTA used to require higher times. Indeed, Fe;0s~NTA-Ni?* NPs were
employed to purify His-tag recombinant proteins from E. coli o P. pastoris lysates in times
ranging from 20 min to 12 h, depending on the targeted protein [120-122]. Moreover, the use of
a bis-NTA instead of NTA enabled the interaction of proteins with the double number of metal
ions. This approach was applied to the purification a His-tag mouse endostatin resulting in no
activity lose [123]. These NPs were reusable and showed adsorption capacities between 61.3 and
230 mg protein/g NPs. Moreover, the coating of the magnetic core with silica provided a
protective layer against oxidation and also enabled NP functionalization [124-128]. Furthermore,
Liao et al. mixed silica with boron to reduce the iron leakage produced after separation [124]. In
other occasions, silica was functionalized with polymers to increase the number of NTA-metal
bonds [125,127]. The use of these NPs enabled to recover 77% of the initial protein [125].
Moreover, purification times when employing silica-coated NPs did not exceed 1 h, being the
NPs functionalized with polymers the ones enabling the shorter purification times (5-10 min)

[125,127].

Other molecules such as EDTA [129], aspartic acid [130], phenanthroline [131], and
terpyridine receptor [132] have also been used to bind divalent metal ions and applied to the
purification of His-tag proteins. In fact, MNPs functionalized with EDTA enabled the recovery
of the 93% of an His-tag protein with a 96% of purity [129]. Phenanthroline [131] and terpyridine
receptor [132] resulted in a purification fold close to 1 and an activity yield of 100%. In both

cases, the efficiency of the purification was confirmed by SDS-PAGE analysis. Moreover,
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polymers as polydopamine were also used for His-tag protein purification [133], enabling the

purification of an His-tag red fluorescent protein in just 5 min.

Albeit the divalent metal ion-histidine interaction is very common for His-tag protein
purification, other approaches using two metal ions have successfully been applied. Ni-ZnFe;O4
NPs were employed to purify His-tag proteins in E. coli [134]. In this kind of NPs, iron was
concentrated in the NPs core while zinc and nickel did it in the NPs surface. This fact may promote

the adsorption of proteins to de NPs surface.

There is only one work that used non-magnetic NPs for the purification of His-tag proteins.
In fact, Ni NPs enabled a very fast His-tag protein purification from and E. coli cell lysate and

could be reused for 4 cycles [135].

Nanocomposites

A great variety of nanocomposites enabled the His-tag protein purification from E. coli.
For example, Man-Hua et al. [136] synthesized carbon nanospheres from glucose, introduced
MNPs in their pores, and, finally, conjugated NTA-Ni** to this system. The use of C@Fe;04—
NTA-Ni?" NPs enabled the His-tag protein purification in 2 h and the separation of NPs either by
a magnet or by centrifugation. In other approach, Fe;04@Au-ANTA-Co?>" NPs [137] were
employed for His-tag protein purification in a much lower time (10 min) and enabling 4 cycles
reuse. Despite this, the amount of adsorbed protein was the third part that obtained with
C@Fe;04~NTA-Ni*" NPs. A more sophisticated approach based on porous silica-coated MNPs
with NiO NPs formed in their pores also enabled the selective purification of His-tag proteins in
10 min [138]. The use of NiFe,O4 NPs coated with a shell of NiAl,O4 [139] resulted in a higher
purification time (30 min) but NPs were reused for 20 cycles obtaining a high adsorption capacity.
Moreover, studies on the eluted proteins demonstrated no toxicity due to nickel leakage and no
change of proteins structure. Despite much less usual than the histidine-tag, methionine-tag and
cysteine-tag have also been employed for the purification of recombinant proteins.

Fes04@AuNPs-phosphorylcholine NPs [140] were applied to the purification of proteins based
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on the specific binding between AuNPs and these amino acids through Au-S bonds. The purpose
of the functionalization with phosphorylcholine was the reduction of the non-specific binding

without losing the specific adsorption capacity on Fe;O4@AuNPs NPs.

Others

Other kind of NPs, polystyrene latex NPs, were functionalized with IDA-Ni*" in the inner
wall of a capillary [111]. This system allowed a His-tag protein purification for its subsequent

analysis by mass spectrometry.

PROTEIN DIGESTION USING NANOMATERIALS

Protein digestion is a usual step in protein sample preparation although it is not always
required. It is a tedious, time-consuming, and difficult to automate process. Protein digestion is
needed in proteomics (bottom-up method) but also for other purposes such as obtaining bioactive
peptides or to carry out any catalytic process within biotechnology. Most widely employed
enzyme for protein digestion in proteomic analysis is trypsin, which is a cheap and selective
enzyme with a high activity. This enzyme cleaves the protein next to arginine or lysine residues
but not after proline residues. Thus, it generates peptides with these basic amino acids in the C-
terminus enabling peptide ionization and fragmentation by mass spectrometry [141]. Less specific
proteases (Alcalase, Thermolysin, Flavourzyme, etc.) are required when protein digestion is

carried out to obtain bioactive peptides, usually short peptides [142-147].

NMs can be used in protein digestion with two purposes (see Figure 5). NMs can be used
to bind or adsorb proteins previously to the addition of the enzyme (Figure SA). In many of these
cases, NMs are employed in combination with microwaves, since they can act as radiation

sorbent. On the other hand, NMs can be used to immobilize the own enzyme (Figure 5B),
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reducing enzyme autolysis and loss of activity [ 148], and enabling the recovery of the enzyme for

next digestions [149]. All approaches using NPs for protein digestion are listed in Table 5.

NMs used to support proteins for their digestion

On-bead digestion

The nanometric size of some materials makes them capable of adsorbing high amounts of
proteins. Moreover, as previously discussed, NPs can selectively extract, concentrate and/or
desalt proteins from a sample. Another advantage of NPs is the fact that, in many cases, the
adsorbed proteins can be on-bead-digested not requiring the previous separation from NPs.
Additionally, digested extracts can be directly analyzed by MALDI-MS since NPs do not
interference in the desorption/ionization process due to their small size. For example, Fe;O4-oleate
NPs [104] and oMWCNT@Fe3;04 NPs [71] were used for the on-bead tryptic digestion of proteins
that had previously been concentrated and/or desalted on the own beads. In these cases, proteins,
adsorbed on the NPs surface, were reduced, alkylated, and digested with trypsin, employing
digestion times up to 24 h. In the case of Fe;O4-oleate NPs [98], it was possible to match 12
peptides, although 9 of them presented missed cleavages. The use of AuNPs [150] permitted not
only the reduction of digestion times from 24 h to 6 h, but the quantification of bound BSA after
its digestion with trypsin, addition of an isotope-labeled internal reference peptide standard, and
mass spectrometry analysis. An even lower digestion time was required when proteins were
retained in fourth-generation PAMAM dendrimers. In this case, dendrimers were incorporated in
a chip platform enabling protein adsorption via antigen-antibody interactions [151]. This method
was applied to the analysis of BSA in a standards mixture and in human serum and the analysis
of proteins from an E. coli cell lysate and, in all cases, tryptic digestion was accomplished in 3 h.

Main limitation was the obtained sequence coverage that did not exceed 33%. In a more recent
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work using surface-oxidized nanodiamonds [152], digestion times were reduced to just 5 min but,

again, sequence coverage was limited (23-30%).

Different efforts based on the application of different radiations have been performed to

reduce digestion times and to increase sequence coverage.

Microwave-assisted digestion

Digestion of proteins is highly accelerated when using microwaves that, in combination
with protein adsorption on NPs, has enabled to reduce digestion times. The first time that
magnetite (Fe3sO4) NPs were employed for microwave-assisted tryptic digestion of proteins was
in 2007 [153]. In this work, Chen et al. demonstrated that the reduction in digestion time was due
to different facts: MNPs absorb microwaves radiation enabling their fast heating and they can
also adsorb proteins via electrostatic interactions allowing their concentration and denaturation
and making them more susceptible to trypsin digestion. This enabled Cyto C and myoglobin
digestion in less than 1 min with high sequence coverage, although the percentage of matched
peptides with missed cleavages was also high. After this first example, other MNPs (Fe304-NTA-
Ni?* NPs [78], Fes04@SiO»-APTES NPs [154] and Fe;04@ZnO NPs [155]) were also employed
for the microwave-assisted tryptic digestion of different proteins. In all cases, proteins were firstly
concentrated on the NP surface by affinity or electrostatic interactions and, then, digested in less
than 2 min by microwaves assistance. It is important to highlight the high sequence coverage
obtained with these NPs, reaching 100% in the case of Cyto C [154]. Not just MNPs were
employed for enzymatic digestion, but also TiO, NPs [156,157], ZnS-N3; NPs [87], Pt NPs [158]
or MWCNT@CdS@Cd*" NPs [89]. They achieved the digestion of different standard proteins
and lysozyme and phosphoproteins from milk in less than 1 min. Particularly, TiO, NPs [156,157]
were an excellent material for the enhancement of digestion efficiency, sequence coverage and

sensitivity when analyzing by mass spectrometry with different ionization modes.

NIR -assisted digestion
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The application of near infrared (NIR) radiation has also enabled to reduce digestion times.
The use of glass@AuNPs in combination with NIR radiation was used to digest different proteins,
including human serum proteins, in less than 5 min [159]. The rapid raise in surface temperature
due to NIR radiation enabled the acceleration of both in-solution and in-gel digestions. The in-
solution digestion of Cyto C resulted in a sequence coverage of 95%, even though more than the
80% of matched peptides contained missing cleavages. In the case of in-gel digestion, just 12%
of sequence coverage was achieved, similar to the obtained by in-solution digestion. This fact is
probably due to the need of a previous protein denaturation step. The use of glass@AuNPs for
the NIR-assisted in-gel digestion of a real complex sample (human serum) enabled a sequence
coverage similar to that obtained when digesting in-gel for 16 h and much higher than that

obtained when the digestion was carried out during 5 min at room temperature.

NMs used for the immobilization of enzymes

Magnetic metal-based NMs

The immobilization of trypsin on the NPs surface supposes great advantages from the point
of view of efficiency and automation. First attempts of enzyme immobilization consisted of the
direct functionalization of MNPs with trypsin [160-164] (see Table 5). The simple handling of
these MNPs with a magnet made easy the separation process. The digestion rate was so high,
especially at high temperatures [161], that it was not required the previous reduction and
alkylation of targeted proteins [160,161]. Moreover, NPs could be reused up to 9 times [160,161]
and required low sample volumes [161]. Additionally, the combination with microwave radiation
enabled to reduce to a few seconds the digestion time [162,163]. Commercial MNPs have also
been directly functionalized with trypsin enabling digestions in just 1 min but without reuse
possibility [164]. High sequence coverages were observed in most cases. It is highlightable the
work of Li et al. [160] using Fe;Os-trypsin NPs, that identified a 76, 46, and 90% of Cyto C, BSA,
and myoglobin sequences, respectively, and the work using commercial MNPs [158], that

identified the 45% of the casein sequence and the complete sequence of insulin.

28



675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

Other strategy has been the coating of the MNPs either with polymers or silica before
enzyme functionalization which resulted in a higher protection and an easier functionalization of
NPs. There are different examples using Fe;04@SiO; NPs directly functionalized with trypsin
with digestion times ranging from 1-16 h [165-167] (see Table 5). Lee et al. [165] observed that
the long digestion time required when digestion was carried out at atmospheric pressure could be
reduced to just a few minutes when pressure cycles were applied, making these NPs highly
reusable. Moreover, this reduction of digestion time came along with an increase in the proteins
sequence coverage. In other approaches, Fe;O4@SiO> NPs were coated with polymeric chains
before the immobilization of trypsin [168,169]. These chains enabled the immobilization of a
huge amount of enzyme and, thus, a faster digestion (1 or 2 min) compared to the 12-20 h of a
free-enzyme digestion. Moreover, in the case of BSA digestion, the sequence coverage obtained
was higher than the obtained when free-trypsin digestion was carried out. On the other hand, the
immobilization of trypsin in hydrophilic or hydrophobic polymeric chains and the combination
of these two kinds of NPs allowed the comprehensive identification of peptides from yeast
proteins and mouse liver membrane proteins [169]. Shen et al. [170] used the same strategy
introducing polymer brushes of poly(glycidyl methacrylate) but, in this case, directly into the
Fe3;04 NPs surface. These NPs achieved the Cyto C digestion in 1 min at 37 °C and reduced this
time to just 15 s when digestion was assisted by microwaves (without losing sequence coverage).
In both cases, NPs could still be reused. Meanwhile, Cheng et al. [171] coated Fe;O4 NPs with
another polymer (polydopamine) and performed the digestion of Cyto C, myoglobin, and BSA
standards within 30 min obtaining high sequence coverages (55-92%). Moreover, digestion
resulted effective even using very low protein concentrations (5 ng/uL). As example, Figure 6
displays MALDI-TOF spectrum corresponding to Cyto C digestion with the magnetic enzyme
nanosystem for 30 min (A) and compares it with the spectra obtained employing in-solution
digestion at 30 min (B) and 12 h (C). Results showed that the magnetic enzyme nanosystem
provided much better results in 30 min than in the in-solution digestion and similar to the obtained
with a longer in-solution digestion. MNPs different from Fe;O4 NPs were also employed for
trypsin immobilization, as y-Fe,O3; NPs, that were entrapped within polymeric nanofibers to
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generate an easy-separable digestion support [172]. This reusable nanomaterial enabled the tryptic

digestion of an enolase in 10 min.

Immobilized enzymes have also been employed to produce bioactive peptides. There are
two works focused to obtain peptides from casein with either antioxidant [173] or angiotensin-
converting enzyme inhibitory [174] capacity. The digestion of casein with Penicillium
aurantiogriseum protease immobilized on glutaraldehyde-activated MNPs yielded peptides with
antioxidant activity within 45 min. The activation of Fe;Os-polyaniline with glutaraldehyde
enabled the covalent binding of the protease and, thus, a major stability. On the other hand,
Aspergillus oryzea protease was encapsulated, together with MNPs, within nanospheres prepared
by the silicification of PAMAM dendrimers. The protease encapsulation significantly enhanced
its resistance to thermal and ultrasonic treatment. This NM allowed to obtain angiotensin-
converting enzyme inhibitory peptides in 3 h. In this case, the application of ultrasounds made

possible the acceleration of the process up to 30 min without losing peptides activity.

Non-magnetic metal-based NMs

Other materials employed for enzyme immobilization were AuNPs, AgNPs, CNTs, GO,
dendrimers, zeolites or silica (see Table 5). Safdar et al. [175] built two open tubular
microreactors with trypsin immobilized on AuNPs which enabled to accelerate about 150 times
a tryptic digestion. The difference between the two microreactors was on the binding of trypsin
to the AuNPs: direct functionalization or functionalization through PEG chains. Both
microreactors enabled similar, or even better, proteins sequence coverages than the conventional
digestion. In other approach, Gogoi et al. [176] embedded AgNPs into a polymeric film and
attached trypsin through covalent bonds. This synthesized matrix was a more efficient digestion
support than the free enzyme or the enzyme immobilized directly on the film and allowed BSA

digestion in 50 min.

Although trypsin is the most common enzyme employed for protein digestion in proteomic

analysis, in some cases it can produce very short peptides resulting in an incomplete sequence
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coverage. An alternative enzyme as pepsin could be useful in these cases. Holdrich et al. [177]
synthesized a recyclable nanobiocatalyst by the immobilization of pepsin on AuNPs through
PEG. Authors demonstrated that this immobilization retained enzyme activity and yielded
proteins sequence coverages as good as the obtained with free-pepsin digestion and in shorter
times. Nevertheless, digestion time was much higher (4 h) than the obtained for the same proteins

and NPs when digesting with trypsin [169].

Nanocomposites

MNPs have also been employed for the synthesis of a nanocomposite made of four
components [178]. In this case, the immobilization of trypsin on polyaniline coated
MWCNTs/Fe;04 composites enabled the digestion of standard proteins yielding a good sequence
coverage (46-81%) and being reusable for 5 cycles. On the other hand, the immobilization of
trypsin on carbon-based materials - PAMAM dendrimers nanocomposites was another approach
for protein digestion. Firstly, Zhang et al. [179] immobilized trypsin to fourth-generation
PAMAM dendrimers attached to carbon nanotubes and employed them for the fast on-plate
digestion of lysozyme and Cyto C without any tedious pretreatment of proteins. Later, Jiang et al.
[180] grafted second-generation PAMAM dendrimers to GO and immobilized the enzyme on
them. Since this material did not interfere with MALDI-MS analysis, it was used for the on-plate
digestion of proteins, showing good sensitivity even with trace protein concentrations. Both works
[173,174] permitted the identification of proteins with elevated sequence coverage in 15 min,
although the one using CNTs resulted in a higher value for Cyto C. Other approach involved the
use of poly(methyl methacrylate) microchips where microchannels were modified with silicalite
zeolite [181]. The trypsin immobilization on these microchannels enabled the ultrafast digestion

of Cyto C and BSA in less than 5 s.

Others

Despite silica has been employed as coating of different NPs, the direct immobilization of

enzymes on silica has also been performed. Indeed, trypsin, immobilized on mesoporous silica
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nanotubes, enabled the digestion of a-casein within just 3 min [182]. This fast digestion had as
consequence the formation of large peptides and, thus, resulted in an increase in phosphopeptide
relative abundance. On the other hand, the coating of silica with cellulose and posterior
immobilization of trypsin resulted in highly reusable and thermally stable NPs able to carry out
the digestion of casein, BSA, Cyto C, and collagen in 30 min [183]. Both silica-based NMs

enabled the identification of proteins with sequence coverages higher than 60%.

CONCLUSIONS AND FUTURE PERSPECTIVES

Nanomaterials are increasingly employed in the different steps of protein sample
preparation. All these applications are based on a variety of interactions that can be established
between proteins and nanomaterials such as electrostatic, hydrophobic, or affinity interactions.
Current efforts on the field are devoted to the development of new nanomaterials or functionalities
improving the effectiveness of the method. They mainly consist of the enhancement of sensitivity
and selectivity, the increase of the adsorption capacity, the improvement in the nanomaterials
handling, and the reduction of time. For that reason, future researches should be focused on the
development of novel affinity probes enabling the easy, fast, cost-effective, and complete
extraction, enrichment, purification, or digestion of proteins. All these improvements can enhance
protein sample preparation in the identification of specific proteomes, obtaining of bioactive
peptides, quantification of proteins, control food authenticity, or in the evaluation of the presence

of protein allergens, among others.
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Table 1. Revision works devoted to the evaluation of nanomaterials in different steps of protein sample preparation.

Nanomaterial Application Year Reference
Nanomaterials Liquid-phase microextraction with some applications to the extraction of proteins. 2015 [46]
Micro-extraction techniques for the enrichment of biomolecules with some examples involving proteins. 2016 [47]
AulNPs Sugar-immobilized AuNPs for protein purification. 2011 [48]
AuNPs-MNPs AuNPs and AuNPs-MNPs composites for the extraction and enrichment of proteins 2012 [49]
Biomedical applications with a short section devoted to proteins purification. 2009 [50]
MNPs Proteins digestion and preconcentration. 2011 [51]
Enzyme immobilization and protein purification related to food analysis applications. 2012 [52]
Application in the biomedical field, including protein examples. 2016 [53]

54



1327  Table 2. Nanomaterials used in the extraction of proteins from real complex samples.
1328
Nanomaterial Analyte Sample Type Of. l?xtractlon Elution LOD/.Detectlon Adsor.ptlon N.on-.speclﬁc Reuse Ref.
interaction time technique capacity bmdmg
CARBON-BASED NANOMATERIALS
. . Chelate Without -
- -Cu?* - -
CNTs-IDA-Cu Minor proteins Human serum formation 1.5h clution (MELDI-TOF-MS) [54]
. 1 pg/mL
MWENTs- BSA Bovine serum  Licetrostatic - 02MNaCl  (FIA-UV/Vis 113 mgg - Atleast —55)
polyethyleneimine interaction d . 60 cycles
etection)
MAGNETIC METAL-BASED NANOMATERIALS
y-Fe203 - dsRNA [poly(IC)] ?(52 1‘5? 2"“’“““ Lubomirskia ) 30 min 4 M urea - No Ves [56]
NPs baicalensis (pH 7.0) (SDS-PAGE)
synthetase)
Adsorption and . -
§€;04@DIH-EMIMLpr0 Hemoglobin Human blood electrostatic 15 min Irll\lsa—gls DS (UV/Vis detection 1.58 mg/mg Low for Lyz CAtcllzzst 8 [57]
s forces and SDS-PAGE) 4
Na2COs-
. S . NaHCOs3
Fe:0.4@Si0:@ionic liquids Hemoglobin Human blood Complexation ~15 min buffer (pH= . . 5.78 mg/mg No Yes [58]
NPs forces N (UV/Vis detection)
10) +0.5%
(m/v) SDS
. <10mg/g for
. Protein-template Thermally - . At least
Fe304@MIP NPs Lyz Human urine interaction 2h modulated (UV/Vis detection) 204.1 mg/g  pepsin, BSA, Cyto 12 cycles [60]
C, and Myo
Capacity
. 2t o . S reduced
Fe3Os@hydroxyapatite-Ni Histidine- E. coli cell Ni-histidine 2h 1.0M - 12.98 No in 20 % (63]
NPs tagged protein lysate affinity imidazole (UV/Vis detection) mmol/g after 4 ’
cycles
NON-MAGNETIC METAL-BASED NANOMATERIALS
Ag>Se@octadecanethiol and
Ag:Se@11- Hydrophobic Hydrophobic Without -
mercaptoundecanoic acid proteins Soybean interaction I'h elution (MALDI-TOF-MS) ) ) [64]
NPs
S Hydrophobic Bacteria E. coli Hydrophobic . Without -
Mg(OH)z-oleic acid NPs proteins and B. subtilis  interaction 45 min elution (MALDI-TOF-MS) ~ ) ) [65]

55




Nanomaterial Analyte Sample Type Of. l?xtractlon Elution LOD/.Detectlon Adsor.ptlon N'on-.spec1ﬁc Reuse Ref.
interaction time technique capacity bmdlng
. Hydrophobic . Hydrophobic . Without -
BaTiOs-HOA NPs proteins E. coli interaction 30 min elution (MALDI-TOF-MS)  ~ i i [66]
NANOCOMPOSITES
. . Porcine and o 11.87 pg/mL At least 15
Fe NPs@GO@AFDCIL Bovine hemoglobin bovine blood H-bonds l1h 4% SDS (UV/Vis detection) 174.54 mg/g Low times [67]
Fe;04+-NH:@GO@DES NPs H-bonds and 0.1M Loss of
DES: ChCI-EG, ChCI-G, D- Brsofe ;‘;d mINOr Byvine blood fifg;‘;ffggc 1h Na:HPOs + gégf&fg‘;{;e tion) 3?2_44‘5 o . extraction  [68]
ChCl- Glu, D-ChCI-S p 1 M NaCl g8 capacity
H-bonds, 08 M
Fe3;04@APTES@GO@IL BSA and minor Bovine calf electrostatic and ) . -
NPs proteins blood hydrophobic 2h KaHPO: (UV/Vis detection) 1391 mg/g - ) [69]
. . 1 M NaCl
interactions
BFg: 78 pg/mL
PDMS fibers@SWCNTs and . Electrostatic (SDS-PAGE and .
PDMS fibers@MWCNTSs BSA and BFg Bovine plasma interaction 2-25h 3 M NaCl fluorescence BFg:22mg - - [70]
detection)
L n- stacking and .
Nucleic acid : . Without - 109+ 13 .
oMWCNT@Fe304 associated proteins Cell lysate hydrophoblc 1 min elution (nLC-MS/MS) mg/e Negligible for BSA - [71]
interaction
e Phosphate
FesO@AuNPs-NTANg:  [Misidinedageed 0 Nipistidine - buffer+ - ] e ] -
NPs ; & y affinity 500 mM (SDS-PAGE)
protems ..
imidazole
OTHERS
Poly(propargyl acrylate) - 9- P. ) -
(3-azidopropyl)-9H- CARDO proteins  resinovorans El‘t‘:fafgoilbmte 1h ffl?d;nzl\fle (MALDI-TOF-MS - No - [73]
carbazole NPs CAL10 lysate and SDS-PAGE)

1329
1330
1331
1332
1333
1334

AFDCIL: amino functional dicationic ionic liquid; APTES: 3-aminopropyltriethoxysilane; BFg: bovine fibrinogen; B. subtilis: Bacillus subtilis; CARDO: carbazole 1-9 dioxygenase;
ChCl: choline chloride; CNTs: carbon nanotubes; DES: deep eutectic solvent; DIH-EMIMLpro: 1, 6-diisocyanatohexan - 1-ethyl-3-methyl-imidazolium L-proline; dsRNA:
double-stranded ribonucleic acid; GO: graphene oxide; HOA: 12-hydroxy octadecanoic acid; IDA: iminodiacetic acid; IL: ionic liquid; MALDI-TOF-MS: matrix-assisted laser
desorption/ionization-time of flight-mass spectrometry; MIP: molecularly imprinted polymer; MELDI-TOF-MS: matrix-enhanced laser desorption/ionization-time of flight-mass
spectrometry; Myo: myoglobin; NTA: nitriloacetic acid; oMWCNTSs: oxidized multi-walled carbon nanotubes; PDMS: polydimethylsiloxane; PEI: polyethyleneimine.*Methods
used for the extraction of standard proteins were not included.
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1335  Table 3. Nanomaterials employed in the enrichment/(pre)concentration of proteins.
Nanomaterial Analyte Sample Interaction Time Eluent Enrich. LOD/. Detection Adsor.pt. Reuse Ref.
factor technique capacity
CARBON-BASED NANOMATERIALS
MWCNTs Proteins Human serum - lh Without elution 10 SELDI-TOF-MS - - [74]
. Yes, and at least
Electrostatic 0.06 ng/mL ’ .
MWCNTs Cyto C Standard interaction - 0.5 M NaCl 15 UV-Vis detection 24 mg/g 50 cycles.w1thout [75]
regeneration
. Yes, and at least
. Standard and human  Electrostatic 0.025 M PB (pH 0.12 pg/mL ’ .
MWCNTs Hemoglobin whole blood interaction ) 8.0) 1 UV-Vis detection 31 mg/g >0 cycles'w1thout [73]
regeneration
Electrostatic 0.02 hg/mL
SiO:@MWCNTs Cyto C Standard . . - 0.5 M NaCl 30 FIA-UV/Vis 112 mg/g Yes [76]
interaction i
detection
. . 1.0 pg/mL 40-100 cycles
MWCNTSs-PDDA BSA Standard Electrostatic ; 0.04 M citrate 17 FIA-UV/Vis 3800 mg/g  (depending of the  [77]
interaction buffer .
detection flow rate)
. . 40-100 cycles
MWCNTs-PDDA HSA Blood Electrogtatlc - 0.04 M citrate - - - (depending of the  [77]
interaction buffer
flow rate)
MAGNETIC METAL-BASED NANOMATERIALS
. 6xHis-tag mutated . Ni-histidine . . -
- -Ni%* - -
Fe304— NTA-Ni** NPs streptopain E. coli cell lysate affinity 30s Without elution (MALDI-MS) 200 mg/g [78]
Fe304@(PEG+CM- Zn: 200
CTS)@Zn**, . mg/g
Fe;:04@(PEG+CM- Lvz Standard Metal ions- 1h ?%{I\g g)n_l‘rdgzzo lf/l ) - Cu: 185.19 No more than 2 [79]
CTS)@Cu?", and ¥ proteins affinity I\II)aCl ’ ’ Fluoresc. mg/g or 3 cycles
Fe;04@(PEG+CM- Fe: 232.56
CTS)@Fe** NPs mg/g
. H-bond and
Fe30f‘ @.Sloz@Nﬂz - BSA Standard electrostatic 20 min 10 mM NaHaPO. 15 45 ng/mlL 10.7 mg/g - [80]
guanidine NPs interaction solution (pH 3.0) CE
Fe;04@SiO: — IDA- . Bovine and human Metal ion protein - -
Cu?* NPs Hemoglobin blood affinity 6h 0.1 g/mL imidazole - UV/Vis detection 38.2 mg/g At least 5 cycles [81]
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Nanomaterial Analyte Sample Interaction Time Eluent Enrich. LOD/. Detection Adsor.pt. Reuse Ref.
factor technique capacity
NON-MAGNETIC METAL-BASED NANOMATERIALS
. Galactosylated protein -
Al.ﬂsz-g.r { thti:ma (desialylated Standard - - Of)M galactose (40 Capillary - Yes [82]
cristagatty fectin transferrin) K LC-UV/Vis
AuNPs-Erythrin Galactosylated Lectin- 0.8 M galactose (40 .
crist ”_r { tr “ lveo roi/eins E. coli cell lysate glycoprotein - 'L) & Capillary - Yes [82]
dagaiitiectin glycop affinity H LC-UV/Vis
AuNPs BSA and B-casein Standards - - Without elution 5 nHPLC-Q-TOF- - - [83]
MS/MS
AuNPs Proteins Human urine - - Without elution 5 nHPLC-Q-TOF- - - [83]
MS/MS
AuNPs — (4- . L .
A Insulin, ubiquitin, Cyto Affinity . . fmol
mercaptophenyliminom C, Lyz, and Myo Standards interaction 1h Direct detection - MALDLTOF-MS - - [84]
ethyl)-2-methoxyphenol
AuNPs — (4- .
. . Affinity . . fmol
mercaptophenyliminom | Lyz Milk interaction 1h Direct detection - MALDL-TOE-MS " - [84]
ethyl)-2-methoxyphenol
. Standard . . 0.01 ng/uL
Aul.\JPs — transferrin Transferrin Fetal bovine serum Antlgeg-antlbody 10 min Direct detection - Lateral-flow - - [85]
anti-body S interaction .
and synthetic urine immunoassay
Pd - octadecanethiol . Hydrophobic . . -
NPs Lyz Milk interaction 1h Without elution - MALDL-TOE-MS " - [86]
Pd - octadecanethiol N Mushrooms and Hydrophobic . . -
NPs Ubiquitin soybean interaction I'h Without elution - MALDL-TOE-MS - [86]
Pd — octadecanethiol . Standard, Hydrophobic . . Insphn: 37nM
NPs Insulin rat pancreas, and interaction 1h Without elution - (urine) - - [86]
urine MALDI-TOF-MS
Insulin, ubiquitin, Cyto Electrostatic . . -
ZnS-N3 NPs C, Lyz, Myo, and BSA Standards interaction 1h Without elution 2-10 MALDL-TOF-MS  ~ - [87]
ZnS-Ns NPs Proteins Milk Electrostatic I'h Without elution 2:10 - ] - (87]
interaction MALDI-TOF-MS
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Nanomaterial Analyte Sample Interaction Time Eluent Enrich. LOD/. Detection Adsor.pt. Reuse Ref.
factor technique capacity
Ubiquitin and ubiquitin Electrostatic . . -
ZnS-N3 NPs like proteins Oyster mushroom interaction lh Without elution 2-10 MALDI-TOF-MS - [87]
Insulin and Electrostatic . . . Insulin:  Insulin: 5 nM
+
Co304— CTA" NPs chymotrypsinogen Standard interaction 10 min Without elution 125 MALDLTOF-MS - [88]
. Electrostatic . . . -
+ )
Co304— CTA" NPs Lyz Cow’s milk interaction 10 min Without elution 4 MALDIL-TOF-MS - [88]
DENDRIMERS
Carboxylate-terminated Electrostatic . 0.1% SDS or -
carbosilane dendrimers BSA, Lyz, and Myo Standards interaction 30 min heating 50 °C ) Bradford ) ) [40]
Carboxylate-terminated . Electrostatic . 0.1% SDS or -
carbosilane dendrimers | TTO%S Plum sceds interaction 30 min heating 50 °C ) Bradford ) ) [40]
NANOCOMPOSITES
L Electrostatic . . . -
2+ -
MWCNT@CdS@Cd Ubiquitin Standard interaction 15 min Direct analysis 12 MALDIL-TOF-MS [89]
TiO2@C nanotube Hydrophobic ) Briton-Robinson -
membranes HSA Human blood interaction buffer (pH 8.8) Bradford 41.8 mg/g Up to 5 cycles [90]
Lr::\ignc(;lgali(r)lbsilrllr(lﬁng Protein-template 500 mM KCI +20 -
SiO2@ARPCs-MIP NPs protein from Pig liver interaction 8h mM NaHPO4/ 116 BCA method 5.4 pg/g - [91]

endoplasmic reticulum

NaHPOs, pH 7.3

1336 ARPCs: assistant recognition polymer chains; BCA: bicinchoninic acid; CE: capillary electrophoresis; CM-CTS: carboxymethyl chitosan; CTA: cetyltrimethylammonium;
1337 E. coli: Escherichia coli; FIA: flow injection analysis; HSA: human serum albumin; IDA: iminodiacetic acid; MALDI-TOF-MS: matrix-assisted laser desorption/ionization-
1338 time of flight-mass spectrometry; MIP: molecularly imprinted polymer; Myo: myoglobin; nHPLC-Q-TOF-MS: nano high performance liquid chromatography-quadrupole-
1339 time of flight-mass spectrometry; NTA: nitriloacetic acid; PB: phosphate buffer; PDDA: poly(diallyldimethylammonium chloride); PEG: polyethylene glycol; SELDI: surface-

1340 enhanced laser desorption/ionization.




1341  Table 4. Nanomaterials employed in the purification of proteins by nanomaterial-based methods.
1342
Nanomaterial Analyte Sample Interaction Time Eluent Efllﬁl:g;it}ton égls)(:;l:tty (mg/g) Reuse Ref.
NON-HISTIDINE-TAGGED PROTEINS PURIFICATION
CARBON-BASED NANOMATERIALS
NDs (RUDD) and .
modified NDs ?rztci}iile’alﬁztinz Proteins standards - 1 min - - - - [92]
(RUDDM) g Y
CNTs (acidic Protein Skim latex serum Ion exchange interaction - 2 M ammonium - - - [93,94]
treatment) sulphate
MAGNETIC METAL-BASED NANOMATERIALS
ME-MION:s (Fe30s4 - y- II\)/I](?-?\I/IHI(?)(E:}W:
Fe203) . Moringa oleifera . . o ' ME-MIONSs: 400
SPIONS (Fe;O - y- Coagulant protein seeds Electrostatic interaction l1h 0.8 M NaCl g(I)) I/E) e SPIONs: 450 Yes [95]
Fe203) 84% ‘
FesQ4@risodium Moringa oleifera %?st(e):irillfrcl:lt'lwty:
citrate and Fe3O4 Coagulant protein seeds & ‘ Electrostatic interaction 30min 0.8 M NaCl 0% ’ - - [96]
. 0
@SiO2 NPs Si02: Low
Polyme}'-coated . Electrostatic and
magnetic nanoclusters | Cyto C, BSA,and Lyz  Protein standards hvdrophobic interactions - 0.5 M NaCl - Cyto C: 640 Yes [97]
(Fe304) yarop
Polymer-coated Cell-free Pichia Electrostatic and
magnetic nanoclusters | Drosomycin pastoris fermentation hvdrophobic interactions - 50 mM TES Purity: 90% 30 Yes [97]
(Fe304) broth yarop
Fe3;04@MIPs-BSA BSA Bovine blood Elecj[rost'fltlc 1nteract191} 15min 0.1 M NaOH ) 3758 At least 10 98]
NPs and imprinted recognition cycles
Avidin-iminobiotin 0.1 M ammonium Purity: 98.5% No more

Fe3Oq4-iminobiotin NPs | Avidin Egg White affiniti 45min  acetate (pH4.0) + Recovery: 225 than 2 [99]

Y 0.5 M NaCl 92.8% cycles
Fe3sOs@PHEMATTrp Proteins standard and . . o Purity: 92 % Upto5S
NPs Lyz chicken egg white Hydrophobic interaction 2h 50 % ethylene glycol Recovery: 76% 385.2 cycles [100]

. Above 90

Fe:04@Au-MBISA Lyz Proteln.standard and Electrostatic interaction 20 min 20mMPB (pH8.0)+ 346 % after 7 [101]
NPs egg white I M NaCl cycles
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Purification

Adsorpt.

Nanomaterial Analyte Sample Interaction Time Eluent . . Reuse Ref.
efficiency Capacity (mg/g)
Insulin, Myo and Cyto Electrostatic and . . Insulin: 323
Fe304 — oleate NPs C Standards hydrophobic interactions lh Without elution - Myo: 818 - [104]
Fe304@SiO2 — .
gluocosylated derivate | Concanavalin A Jack bean Gluo.cose'- ancanavalln A 5 min 0.1 M H3PO4 - - Yes [105]
(lectin) binding
2 NPs
. Proteins standard,
Fe;04@Si0: - GSH GST-tag ubiquitin yeast enolase and Enzymg-substrate 10 min  Without elution - - - [106]
NPs interactions
human serum
Purification
. . . . )
Fe;04@Si0-Cu?* NPs | Laccase Fermentation broth of Metal' affinity gdgorptlon ) '20.mM PB + 200 mM folq. §2.4 . 1925 At least 6 [107]
Trametes versicolor and size selectivity imidazole Activity yield: cycles
108.9%
NON-MAGNETIC METAL-BASED NANOMATERIALS
AuNPs—-Sugar Lectins Banana pulp Sugar-lectin affinity Etvernlg Inhibitory sugar - - - [108]
AuNPs — GMA-co- . Hydrophobic and Recovery: .
EDMA BSA and Cyto C Protein standards electrostatic interactions - pH-controlled 05-989% BSA: 16.6 - [109]
AuNPs — GMA-co- . European mistletoe Hydrophobic and
EDMA Lectins leaves electrostatic interactions pH-controlled ) ) ) [109]
OTHERS
1) 6 M urea +10 mM
. . . Tris/HCI (pH 7.5) + . .
NIPAM:BAM Apolipoprotein A-I Human plasma Cop glymer-ap olipoprotein lh 1 mM EDTA Purlﬁcatlgn o 13 - [110]
copolymer NPs affinity efficiency: 13%
2) Ion exchange
chromatography
Concanavalin A- . ) .
polystyrene latex NPs- Glycoprotein Protein standard Concanavalin A (lectin)- 0.5 M methyl-R- - - [111]
. (ovalbumin) glycoprotein affinity mannopyranoside
capillary
Protein G-polystyrene | Bovine . Protein G- ) ) )
latex NPs-capillary immunoglobulin Protein standard immunoglobulin affinity 10 mM HCl pH 2.5 L11]
HISTIDINE-TAGGED PROTEINS PURIFICATION
MAGNETIC METAL-BASED NANOMATERIALS
2 _ 2+ TQo 3 2+_hictidi H
Fe3;04@SiO2 — Zn 6xHis-tag recombinant E. coli lysate Zn*"-histidine affinity 30 min 10 mM PB + 500 mM Recovery: 83%  923-1200 i [115]

NPs

phycobiliproteins

interaction

imidazole (pH 7.4)
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Purification

Adsorpt.

Nanomaterial Analyte Sample Interaction Time Eluent efficiency Capacity (mg/g) Reuse Ref.
O _Ni2+ o ; 2+ hictidi ;
Fe304@SiOz2-IDA-Ni 6?{HIS tag recombinant E coli Nl hlS.‘[ldlIle affinity 30min 200 mM imidazole ) 1500 Yes [117]
NPs nitroreductase interaction
FesO+ IDA-PEG-Njz+ | [lis-tag fluorescent Ni>*-histidine affinit
o Discosoma sp. red Cell lysate . . Y 0.5 M imidazole - - - [118]
NPs . interaction
proteins
Recovery/
purification
factor:
Fe30s@GMA — IDA- . . . s
. His-tag recombinant . Metal ion-histidine . o Cu?":
2 Ni2t. 2+
ggs , Ni**-, and Zn EGFP E. coli affinity interaction 10 min 0.5 M imidazole 70.4%/12.3 53.5 Yes [119]
Ni*: 66.2%/7.6
Zn?*:
63.7%/8.8
- ST .
FesOs — NTA-Ni?* NPs | 6xHis-tag streptopain f coli crude cell Ni*"-histidine affinity 20min 400 mM imidazole ; 230 Yes [120]
ysate interaction
. . Dk 1 s . 50 mM PB + 100
- 2+
Fes04 — NTA-Ni?* Nps | OXHis-tag recombinant = oo Ni™-histidine affinity 1h mM NaCl + ; ; Yes [121]
protein (Malic enzyme) interaction .
200 mM imidazole
His-tag enzyme Capacity
= . . . -2+_ . . . . .
Fe;Os— NTA-Ni?* NPs | (Solanum tuberosum ~ ~chia pastoris cell  Ni*'-histidine affinity 12h Imidazole . 146 reducedin 5 )
. extract Iinteraction 20 % after
epoxide hydrolase)
8 cycles
. . Dk 1 s . 50 mM PB + 300 mM
— Bis- _Ni2+ _ 2
Fe304 — Bis- NTA-Ni 6xHis-tag recorpblnant E coli Nl h1§t1d1ne affinity 1h NaCl + 250 mM _ 613 Yes [123]
NPs mouse endostatin interaction .
imidazole (pH 8.0)
50 mM NaH2PO4 +
. . e . 300 mM NaCl + Loss of
: _ _ 2+
Fes04@($i02B203) — | OxHis-tag recombinant g o o) coff ysate  CO -Distidine affinity 30min 250 mM imidazole + - 1.55 60% [124]
NTA-Co*" NPs proteins interaction .
0.05% Tween 20 capacity
(pH 8.0)
Fe304@SiO»- Capacity
poly(styrene-alt-maleic . . Ni?*-histidine affinity . . A0 ) reduced in
anhydride)-NTA-Ni* His-tag GFP E. coli interaction 10 min 500 mM imidazole Recovery: 77% 20 % after [125]
NPs 5 cycles
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Purification

Adsorpt.

Nanomaterial Analyte Sample Interaction Time Eluent . . Reuse Ref.
efficiency Capacity (mg/g)
SiO2@y-Fe203 - His-tag recombinant 2 g 1 .
GPTMS-NTA-Co* benzaldehyde lyase E. coli crude extract .CO h1§t1d1ne affinity - PB +200mM - 3.16£04 At least 3 [126]
NPs (BAL, EC 4.12.38) interaction imidazole cycles
Fe304@SiO2-PHEMA- | His-tag cellular g s . 20 mM PB (pH 7.2) +
SA-NTA-Cu?* and Nit* | retinaldehyde-binding ~ C°ll 1¥sate Ni*"-histidine affinity S5min 0.5 M NaCl+ ; - Yes [127]
. interaction ..
NPs protein 0.5 M imidazol
. 6xHis-tag heat shock o4 L .
CoFe204@Si02-NTA- rotein (Tpy-sHSP Thermoplasma Ni**-histidine affinity 1h PB+ ) i [128]
Ni?* NPs Fl’ 43) P volcanium interaction 250 mM imidazole
o . 0.05 M NaH2PO4 + .
iOH- - 2+ . 0,
ge:”z? 1@Si0rEDTA His-tag GFP E. coli cell lysate i(ljll‘sera};isct)lr(lime affinity 25min  0.05 M imidazole + Eléil(t)yfé/;y/ - Yes [129]
" 0.5 M NaCl (pH = 7.9) very: 2270
50 mM NaH2POs +
Fe304@SiO2-GPTMS- | 6xHis-tag recombinant . Co?*-histidine affinity 300 mM NaCl +
aspartic acid-Co?* NPs | gp41 proteins E. coli cell lysate interaction I'h 250 mM imidazole . 945 ) [130]
(pH 8.0)
Purification
Fe304@SiO:- g . .
phenantroline-Cu?* His-tag Cel5C protein Cell lysate .Cu h1§t1d1ne affinity 5 min .50’. 250, and 500 mM fOld.' (.)‘99. . Yes [131]
NP interaction imidazole Activity yield:
s 100%
Fe;04@SiO0x- His-tag GST, p- i . Purification
. ; . Cu**-histidine affinity . fold: 1.11
terpyridine receptor- glucosidase and Cel5SA  Protein standards ) . - Imidazole S Yes [132]
Cu* NPs profeins interaction Activity yield:
99.78%
Fe304—polydopamine- His-tag red fluorescent . Ni**-histidine affinity . PBS +
Ni** NPs protein Protein standards interaction > min 300 mM imidazole ) ) Yes [133]
6xHis-tag F1iJ
. from Salmonella . . 20 mM Na:HPO4 +
Ni-Zn Fe204 NPs tvphimurium and TEV E. coli - 30 min 500 mM NaCl + - 70 - [134]
p};Ic)) tease imidazole (pH 7.4)
NON-MAGNETIC METAL-BASED NANOMATERIALS
6xHis-tag o . 100 mM HEPES +
Ni NPs recombinant protein E. coli ﬂ;&:&?{;ﬁe affinity 2 min 500 mM imidazoles - - 4 cycles [135]
(ToxAS.1) (pH 7.5)
NANOCOMPOSITES
Fe30s4@AuNPs — NTA- | His-tag maltose Ni?*-histidine affinity PB + 500 mM ) ) i
Ni?* NPs binding proteins Cell lysate interaction 2h imidazole [72]
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Purification

Adsorpt.

Nanomaterial Analyte Sample Interaction Time Eluent . . Reuse Ref.
efficiency Capacity (mg/g)
50 mM NaH:POs +
C@Fe304— NTA-NiZ* . - . Ni?*-histidine affinity 300 mM NaCl + Recovery:
NPs OxHis-tag fetidin E. colilysate interaction 2h 250 mM imidazole 20.94% 210.3 ) [136]
(pH 8.0)
4 cycles
o . 50 mM NaH2PO4 +
— - 2+ [
ge}z(*)‘tN@P Au - ANTA His-tag proteins E. coli lysate i(ljl(t)era};isct)lr(lime affinity 10 min 300 mM NaCl + - 74 233\331681? % [137]
oS 250 mM imidazole
decrease
. . D4 e .
Fe0,@8i0: - Nio His-tag GFP Protein standard Nl hls.tldme affinity 10 min 0.1 g/mL imidazole - - Atleast 5 [138]
NPs interaction cycles
Fe:0:@si0z - NiO His-tag proteins E. coli cell lysate Affinity interaction 10 min 0.1 g/mL imidazole - - At least 3 [138]
NPs cycles
. 50 mM NaHPOs +
, : His-tag hIGF-1, GM- . . 300 mM NaCl + At least 20
NiFe20:@NiALLOsNPs | CSF and bFGF E. coli - 30 min o - hIGF-1: 248 + 84 [139]
. . 250 mM imidazole cycles
recombinant proteins (pH 8.00)
20 mM Tris-HCl
Fﬁ304h@AulNll: Sl._ NP g/llet-tt:g glglFII\)/Iet- and E. coli crude extract Affinity interaction 30 min  (pH 8.0) + 100 mM - - - [140]
phosphoryichofine WEs § Liy-tag NaCl + 24 mM 2-ME
OTHERS

Capillary - polystyrene
latex — IDA-Ni2* NPs

His-tag protein (6xHis-
MP1 from whole
lysate)

Protein standard

Ni?*-histidine affinity
interaction

Without elution

[111]

1343
1344
1345
1346
1347
1348
1349
1350

1351

1352

ANTA: No,No-bis(carboxymethyl)-L-lysine hydrate; bFGF: basic fibroblast growth factor; CNT: carbon nanotubes; EDTA: ethylene diamine tetraacetic acid; (E)GFP:
(enhanced) green fluorescent protein; Gly-tag: glycine-tagged; GMA-co-EDMA: glycidyl methacrylate-co-ethylene dimethacrylate; GM-CSF: granulocyte-macrophage
colony-stimulating factor; GPTMS: 3-glycidoxy propyltrimethoxy silane; GSH: Glutathione;
piperazineethanesulfonic acid; hIGF-1: human insulin growth factor I; IDA: iminodiacetic acid; MBISA: 2-mercapto-5-benzimidazolesulfonic acid; ME-MIONs:
microemulsion magnetic iron oxide nanoparticles; Met-tag: methionine-tagged; MIP: molecularly imprinted polymer; Myo: myoglobin; ND: nanodiamonds; NIPAM:BAM:
N-isopropylacrylamide-N-tert-butylacrylamide; NTA: nitriloacetic acid; PB: phosphate buffer; PEG: polyethylene glycol; PHEMA: poly(2-hydroxyethyl methacrylate);
PHEMATTYp: poly(hydroxyethyl methacrylate-N-methacryloyl-(L)-tryptophan); SA: succinic anhydride; SPIONs: superparamagnetic iron oxide nanoparticles; TES: N-
tris(hydroxymethyl)-methyl-2-aminoethanesulfonic acid; TEV: Tobacco Etch Virus.

GST: glutathione S-transferase; HEPES: 4-(2-hydroxyethyl)-1-
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1353  Table 5. Nanomaterials employed in the protein digestion, either as support or functionalized with an enzyme.
. .. Digestion Sequence Peptide Peptides with
N terial T f digest .
anomateria ype of digestion time Analyte Sample coverage (%) matched missed cleavages Reuse Ref.
NANOMATERIALS USED TO SUPPORT PROTEINS FOR THEIR DIGESTION
ON-BEAD DIGESTION
Fe30Q4-oleate NPs On-bead tryptic digestion 24 h Cyto C Protein standards - 12 9 - [104]
S Nucleic acid iated
oMWCNT@Fe304 NPs On-bead tryptic digestion 16 h ue e.10 acid associate Cell lysate - - - - [71]
proteins
AuNPs On-bead tryptic digestion 6h BSA Protein standard - - - - [150]
BSA: 16 BSA: 12
PAMAM dendrimer (G4) On-chip tryptic digestion 3h BSA, Lyz, and ferritin Protein standards ~ Lyz: 33 Lyz: 4 BSA:3 - [151]
Ferritin: 33 Ferritin: 6
PAMAM dendrimer (G4) On-chip tryptic digestion 3h BSA Human serum 16 10 - - [151]
PAMAM dendrimer (G4) On-chip tryptic digestion 3h Proteins E. coli 27-33 - - - [151]
Particulate methane
Surface-oxidized NDs On-bead tryptic digestion 5 min monooxygenase and E. coli 23-50 - - - [152]
membrane proteins
MW-ASSISTED DIGESTION
. L . . . : 89 123 121
Fe304 NPs MW-assisted tryptic digestion 30s-1lmin  Cyto C and Myo Protein standards 1?/1};[2:2 0 f/l};tc()):lc9 f/l};tz:C” - [153]
. R . 6xHis-t tated
Fe304-NTA-Ni** NPs MW-assisted tryptic digestion 2 min S ag. futate E. coli cell lysate 68.2 13 - - [78]
streptopain
Fe304@Si02-APTES NPs MW-assisted tryptic digestion 40s Cyto C Protein standard 100 23 - - [154]
Fe304@ZnO NPs MW-assisted tryptic digestion 1 min Phosphoproteins Human saliva - 8 - - [155]
TiO2 NPs MW-assisted tryptic digestion 40-60 s Cyto C, Lyz and Myo Protein standards ~ Cyto C:100 Cyto C: 21 - - [156]
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Digestion

Sequence

Peptide

Peptides with

N terial T f digesti Analyt 1 R Ref.
anomateria ype of cigestion time nalyte Sample coverage (%) matched missed cleavages euse ¢
. s . . - - in:12 - n:5
TiO2 NPs MW-assisted tryptic digestion 45s a- and B-casein Protein standards * case¥n * case?n - [157]
B-casein:4 [-casein:2
TiO2 NPs MW-assisted tryptic digestion 45s Phosphoproteins Milk - - - - [157]
. L . . 011 6
ZnS-N3 NPs MW-assisted tryptic digestion 30-50 s Cyto C and Lyz Protein standards - Cyto € Cyto € - [87]
Lyz: 9 Lyz:3
Pt NPs MW-assisted tryptic digestion 1 min Lyz and BSA Protein standards - - - - [158]
MWCNT@CdS@Cd** NPs MW-assisted tryptic digestion 1 min Cyto C Protein standard - 15 - - [89]
MWCNT@CdS@Cd** NPs MW-assisted tryptic digestion 1 min Lyz Cow milk - 7 - - [89]
NIR-ASSISTED DIGESTION
NIR-assisted in-solution trypti . , Myo, BSA, .
Glass@AuNPs . a'ss1s e m-sotution typtie 3.5 min Cyto €, Myo, BSA, and Protein standards Cyto C: 95 Cyto C: 23 Cyto C: 19 Yes [159]
digestion IgG
NIR-assisted in-gel trypti . Cyto C, Myo, BSA, )
Glass@AuNPs (assisted i-gel Hyptie <5min yto C, Myo, BSA, and Protein standards ~ BSA:12 BSA: 23 BSA: 16 Yes [159]
digestion IgG
NIR-assisted in-gel trypti . .
Glass@AuNPs -assisted f-gel typHe 5 min Proteins (HSA) Human serum 35 22 18 Yes [159]
digestion
NANOMATERIALS USED FOR THE IMMOBILIZATION OF ENZYMES
MAGNETIC METAL-BASED NANOMATERIALS
Cyto C: 76 Cyto C:13 Cyto C: 8
Fe304-trypsin NPs Tryptic digestion 5 min Cyto C, BSA, and Myo Protein standards BSA: 46 BSA: 30 BSA:13 <9 cycles [160]
Myo: 90 Myo: 15 Myo: 7
. Cyto C: 49 Cyto C:10
Elevated t ture trypt . .
Fe304-trypsin NPs di e;]satii)n ctiperamre typte 1 min Cyto C, Myo, and Lyz Protein standards ~ Myo: 32 Myo: 7 - <9 cycles [161]
g Lyz:57 Lyz:11
Fe304-trypsin NPs Tryptic digestion 3h IgG Protein standard 21 2 - <9 cycles [161]
Fe304-trypsin NPs Tryptic digestion 3h HSA Human serum 29 17 - <9 cycles [161]
BSA: 26 BSA: 38
Fe30s-trypsin NPs MW assisted tryptic digestion 15s BSA, Myo, and Cyto C Protein standards ~ Myo: 80 Myo:14 - > 5 cycles [162]
Cyto C: 76 Cyto C:11
Fe3Os-trypsin NPs MW assisted tryptic digestion 15s Proteins Rat liver extract - - - > 5 cycles [162]
Fe3Os-trypsin NPs MW assisted tryptic digestion 1 min BSA Protein standard - - - - [163]
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Digestion

Sequence

Peptide

Peptides with

N terial T f digesti Analyt S 1 R Ref.
anomateria ype of digestion time nalyte ample coverage (%) matched missed cleavages euse €
Fe304-trypsin NPs MW assisted tryptic digestion 1 min Proteins Human lens tissue - - - - [163]

Casein: 45
. o . Insulin chain b oxidized and . .
commercial MNPs-trypsin On-line tryptic digestion 1 min anZslenirf am b oxidrzed an Protein standards ~ Insulin: 100 - - No [164]
Numerous
Fe304@SiOz-trypsin NPs Tryptic digestion 16 h BSA Protein standard 50 - 48 % uses during  [165]
27 days
Atmospheric pressure rvptic Mixture: BSA, ovalbumin, Numerous
Fe304@SiO2-trypsin NPs & estiEn P P overnight ~ Myo, carbonic anhydrase, Protein standards 54 - 25% uses during  [165]
& and lactoglobulin 27 days
Pressure cveling trvntic Mixture: BSA, ovalbumin, Numerous
Fe304@SiO2-trypsin NPs digestion yeng typ 1 min Myo, carbonic anhydrase, Protein standards 62 - 49 % uses during  [165]
g and lactoglobulin 27 days
Pressure cycling tryptic Numerous
Fe304@SiOz-trypsin NPs digestion yeng typ 5 min Proteins Mouse brain - - - uses during  [165]
g 27 days
C . H d
Fe304@SiOz-trypsin NPs On-beads tryptic digestion lh Proteins corona b;\:lillil:sae?um 63 - - - [166]
Loss of 15
Fe304@SiOz-trypsin NPs Tryptic digestion 3h a-casein Protein standard - 18 6 % after 4 [167]
cycles
F i02-GMA-t i o . .
Ne;SO4@S102 G rypsin Tryptic digestion 1-2 min BSA and IgG Protein standards BSA: 93 - - - [168]
Thermoanaerobac
F i02-GMA-t i o . .
Ne;SO4@S102 G rypsin Tryptic digestion 1-2 min Enolase ter tengcongensis - - - - [168]
protein extracts
Fe304@SiO2-GMA-trypsin
and Fe304@SiO2-GMA-G- Tryptic digestion 1 min Proteins Yeast - - - - [169]

trypsin NPs

67




Digestion

Sequence

Peptide

Peptides with

terial T f digesti Analyt 1 R Ref.
Nanomateria ype of digestion time nalyte Sample coverage (%) matched missed cleavages euse ¢
Fe304@SiO2-GMA-trypsin
and Fe304@SiO2-GMA-G- Tryptic digestion 1 min Membrane proteins Mouse liver - - - - [169]
trypsin NPs
Fe304@PGMA-trypsin NPs MW assisted tryptic digestion 15s Cyto C Protein standard 55 6 3 12 cycles [170]
Fe304@PGMA-trypsin NPs Digestion at 37 °C 1 min Cyto C Protein standard 48 6 2 5 cycles [170]
. Cyto C: 92 Cyto C: 17
festf@lg(l))lydopamlne- Tryptic digestion 30 min Cyto C, Myo, and BSA Protein standards ~ Myo: 83 Myo: 14 - 5 cycles [171]
rypsin LS BSA: 55 BSA: 36
- + — i
¥-Fe:05/(PS+PSMA)-trypsin Tryptic digestion 10 min Enolase Protein standard - - - > 4 cycles [172]
nanofibers
iline- Digesti ith Penicilli
Fe;Os@polyaniline igestion with Penicillium 45 min Casein Protein standard - - - 5 cycles [173]
glutaraldehyde-protease NPs | aurantiogriseum protease
Fe3Os@PAMAM dendrimer Digestion with Aspergillus 1h Casein Protein standard i i i i [174]
(G2.0) - protease NPs oryzea protease
. Ultrasound-assisted digestion
fé;o(;)@_ l;?x‘:xﬁli:dnmer with Aspergillus oryzea 30 min Casein Protein standard - - - - [174]
protease
NON-MAGNETIC METAL-BASED NANOMATERIALS
Cyto C: 95 Cyto C: 9
o . Cyto C, a- and B-casein, . a-casein: 74 a-casein: 3 At least 8
- i Trypt t ~2 Prot t - 175
AuNPs-trypsin ryptic digestion min and p-lactoglobulin rotein standards B-casein: 98 B-casein: 9 runs [175]
B-lactogl.: 59  B-lactogl.: 13
Cyto C: 94 Cyto C: 25
Lo . Cyto C, a- and B-casein, . a-casein: 74 a-casein: 23 At least 8
- i Tryptic digest ~2 . Prot tandard . . 175
AuNPs@PEG-trypsin ryphic digestion i and fB-lactoglobulin rotein standards [-casein: 98 B-casein: 15 runs [173]
B-lactogl.: 75 B-lactogl.: 21
Ag.l\{Ps/plasm.a polymerized Tryptic digestion 50 min BSA Protein standard - - - - [176]
aniline -trypsin
Cyto C: 68
D Cyto C, BSA, Myo, and .
AuNPs-pepsin Pepsin digestion 4h yto . yo, an Protein standards ~ BSA: 20 - - 3 cycles [177]
monoclonal anti-HSA Myo: 62

NANOCOMPOSITES
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Digestion

Sequence

Peptide

Peptides with

terial T f digesti Analyt 1 R Ref.

Nanomateria ype of digestion time nalyte Sample coverage (%) matched missed cleavages euse ¢
MWCNTSs/Fe:O BSA:46 BSA:28 BSA:12
NP ls e; * ¢ . Tryptic digestion 5 min BSA, Myo and Lyz Protein standards ~ Myo: 81 Myo:13 Myo:5 5 cycles [178]

s@polyaniline-trypsin Lyz: 63 Lyz:13 Lyz:5

Ts-PAMAM i Lo . . Lyz:74
(C(; Os) _ trypsin dendrimer On-plate tryptic digestion 15 min Lyz and Cyto C Protein standards C}}I/fo C-84 - - - [179]

. Cyto C:67 Cyto C:12

((i;(;_(l;)A Nt[AM .dendrlmer On-plate tryptic digestion 15 min Cyto C, BSA, and Myo Protein standards BSA:85 BSA:37 - - [180]

)~ trypsin Myo:84 Myo:14

-PAMAM i Lo .
((i;(; 0)— tryps;rilendrlmer On-plate tryptic digestion lh Proteins Human plasma - - - - [180]
Poly(methyl methacrylate)

: 11
microchip  zeolite (Si0z) Tryptic digestion <5s Cyto C and BSA Protein standards g?{:;ﬂ E?X% Yes [181]
NPs-trypsin
OTHERS
Mesoporous SiOz-trypsin NTs | Tryptic digestion 3 min a-casein Protein standard 61 15 - - [182]
o . Casein, BSA, Cyto C, and . BSA: 88

SiO2@cellulose-trypsin NPs Tryptic digestion 30 min C:ﬁj;ﬂ yto &, an Protein standards Cyto C: 62 - - > 15 cycles [183]

1354
1355
1356

1357

1358

APTES: 3-aminopropyltriethoxysilane; GMA: glycidyl methacrylate; HSA: human serum albumin; IgG: human immunoglobulin G; Lyz: lysozyme; MW: microwaves; Myo:
myoglobin; ND: nanodiamonds; NIR: near infrared; NTA: nitriloacetic acid; o MWCNTSs: oxidized multi-walled carbon nanotubes; PAMAM: poly(amidoamine); PGMA:
poly(glycidyl methacrylate); PS: polystyrene; PSMA: poly(styrene-co-maleic anhydride).
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1360

1361

1362

1363

1364

1365
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1367
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1369

1370
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1376

1377

1378

1379

1380

1381

1382

1383

FIGURE CAPTIONS

Figure 1. Typical workflow for protein capture employing magnetic nanoparticles.

Figure 2. (A) HPLC-UV chromatograms corresponding to a urine sample spiked with 66.7
pg/mL lysozyme and 66.7 pg/mL Cyto C and (B) spiked with 66.7 png/mL lysozyme and 133.4
ug/mL Cyto C. In chromatograms: (1) Protein mixture not treated with FesOs@molecularly
imprinted polymer (MIP) nanoparticles (NPs), (2) supernatant after treating the protein mixture
with Fe;04@MIP NPs, and (3) solution released from Fe;O4@MIP NPs (Proteins release in a

lower volume, improving lysozyme signal). Reproduced with permission from [60].

Figure 3. (A) Image of a third-generation carboxylate-terminated carbosilane dendrimer solution
and of solutions obtained by the addition of myoglobin to the dendrimer solutions at different
ratios and pH 1.8. (B) Profiles, obtained by SDS-PAGE, corresponding to the supernatant
resulting when treating a three-protein mixture (BSA, lysozyme, and myoglobin) with different
dendrimer ratios (1:0, 1:1, 1:8, and 1:20) at pH 1.8, the precipitate obtained after centrifugation
of the solution with a 1:20 protein:dendrimer ratio, and the precipitate obtained when employing

acetone precipitation. Reproduced with permission from [40].

Figure 4. Scheme of the metal chelation to nitriloacetic acid (NTA) and iminodiacetic acid (IDA)

and the interaction established with a 6xHis-tag protein.

Figure 5. Digestion process employing (A) nanoparticles adsorbing proteins previous to the

addition of the free enzyme or (B) trypsin bound nanoparticles.

Figure 6. (A) Matrix-assisted laser desorption/ionization (MALDI)-time of flight (TOF) mass
spectra of cytochrome C (Cyto C) digest obtained using the magnetic enzyme nanosystem (MEN)
in 30 min, (B) by in-solution digestion for 30 min, and (C) by in-solution digestion for 12 h.

Reproduced with permission from [169].
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